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105 กระบวนการผอ่นคลายทางไดอิเลก็ตริกสามารถอธิบายไดโ้ดยการประยกุตแ์บบจาํลองการผอ่น
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 In this work, the titanate nanotubes (NaxH2-xTi3O7.nH2O; TNTs) and 
Fe/Co-doped TNTs (i.e., A(BxTi3-xO7) (A = Na0.96H1.04∙3.42H2O, B = Fe or Co, 
where x = 0, 0.05, 0.1, 0.2, 0.3 and 0.4 ) were synthesized by hydrothermal method. 
These samples were prepared using TiO2 in 10M NaOH at temperatures of 130 °C 
for 24 h. The prepared samples were characterized by X-ray diffraction 
(XRD), scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), 
energy-dispersive X-ray spectroscopy (EDX), thermal gravimetric analysis (TGA), 
fourier transform infrared (FTIR), UV˗Vis spectroscope (UV-Vis) and vibrating 
sample magnetometer (VSM). The valence states of Ti, Fe and Co ions were 
determined by using X-ray photoelectron spectroscopy (XPS) and X-ray absorption 
near edge structure (XANES). The XRD result indicated that all sample had trititanate 
(A2Ti3O7, A = Na or H) phase without any impurity phases. The diameter and length 
of the nanotubes were found to be ~7-15 nm and micrometer scales, respectively. The 
wall involves multilayer about 3-4 layers with distances between layers of ~ 0.782-










molecules         for TNTs was within the nanotubes. The valence states of Fe, Co and 
Ti ions were in     the Fe2+, Fe3+ and Co2+ and Ti4+ state, as observed evidence of 
oxygen vacancy (VO) in structure. UV-Vis spectra showed a redshift to the band gap 
energy due to Fe or Co substitution. Room temperature magnetization results 
indicated that TNTs are diamagnetic, whereas Fe/Co-doped TNTs are ferromagnetic 
and paramagnetic. The Room temperature Ferromagnetic observed in Fe/Co-doped 
TNTs originates due to the VO, supporting the VO mediated ferromagnetic exchange 
mechanism. Our samples the observed paramagnetic signal is because of the free ions 
of TM without magnetic impurities. The dielectric and electrical properties are 
investigated as functions of frequency, temperature, dc bias voltage and current 
voltage. For the dielectric properties, all the TNTs and Fe/Co-doped exhibited high 
dielectric constant (ε′) values of about 104-106. The dielectric relaxation in the 
samples can be ascribed by Cole-Cole relaxation equation combining with the dc 
conduction term. For Fe/Co-doped TNTs, the ε′ increases with increasing 
concentration of Fe doping ions, whereas, the ε′ decreases with increasing 
concentration of Co doping ions. This suggests that the Fe or Co doping influences 
the TNTs substitution and second phase. Interestingly, the loss tangent (tanδ) of 
Fe/Co-doped TNTs significantly decreased; while the dielectric constant remained 
high. The dielectric response behavior could be attributed to interfacial polarization 
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1.1 Principle and reason 
In recent years, one-dimensional nanostructures such as nanowires, nanorods, 
nanoparticles, nanosheets and nanotubes have been intensively studied because of the 
promising applications of these materials in various fields of technology. Since  the 
discovery of carbon nanotubes in 1991 (Iijima, 1991), low-dimensional 
nanostructures, especially nanotubes, have been of great interest for their potential 
applications. The elongated structure and increased surface area of nanotubes are of 
interest for promising applications such as photovoltaics, photocatalysis. Titanium 
dioxide (TiO2) particularly its anatase phases polymorph, is of interest for its 
photocatalytic activity occurring from its inherent (wide bandgap) semiconducting 
property. Furthermore, they are capable of ion-exchange (Zhao et al., 2007; Bavykin 
et al., 2006; Sun and Li, 2003), ion mobility due to their inherently layered structure.  
Titanate nanotubes (TNTs) have been recently developed for many applications such 
as photocatalysis (Zhang et al., 2004), support/carriers (Hodos et al., 2004), ion-
exchange (Sun and Li, 2003), adsorption (Umek et al., 2005), photochemistry and 
electrochemistry (Zhu et al., 2006; Hu et al., 2006). Recently, a number of 
modifications can be used to enhance the attributes of titanium nanotubes which are 
feasible for extensive applications. Over the years many efforts have made to 











properties of the nanostructures (Dmistry et al., 2010). The number of publications in 
these materials increases every year.  
Almost previous works on TNTs focus on the improvement methods of 
nanostructure formation in order to the better control morphology (Niu et al., 2008; 
Sreekantan and Wei, 2010; Liu et al., 2010; Mozia et al., 2010; Tsai and Teng, 2008), 
including mechanistic studies, the exploration the physical and chemical properties, 
with a focus on potential application. However, study of TNTs bulks on the dielectric 
and electrical properties as functions of frequency and temperature have rarely been 
researched, and this needs to be explored for future applications of TNTs as electronic 
devices. 
 Recently, high-permittivity dielectric materials with a static dielectric constant  
( 0ε ′ ) value above 10
3 including of ferroelectric oxide and relaxor oxide such as 
BaTiO3 (Schileo et al., 2013) and PbMg1/3Nb2/3O3 have been studies intensively 
(Yimnirun et al., 2005). High dielectric constant has been also discovered in 
perovskite oxide (CaCu3Ti4O12), which shows a dielectric constant at 1 kHz of about 
105 that is relatively constant from room temperature to 300 °C (Subramanian et al., 
2000; Smith et al., 2009). Consequently, the dielectric materials with high dielectric 
constants and thermally stability are needed for future electronic applications. 
Recently, Hu et al. (2010) reported the giant dielectric and polarization behavior of 
TNTs (i.e., NaxH2-xTi3O7.nH2O). The dielectric constant (ε′) of TNTs bulks was 
found to be about 104 at room temperature and low frequency with temperature 
independent in the range of 25-260 °C. The giant dielectric properties of TNTs bulks 
were proposed to be attributed to grain conductivity, which is the effect based on the 











electric field across the TNTs bulks, the heavy charge carrier accumulations can 
induce the interfacial polarization at interfaces between T3O72- skeleton layers and 
H2O molecule layer confined inside TNTs, playing the predominant role in 
accumulation of charged species. 
The giant dielectric and electrical properties of TiO2-based nanotubes such as            
NaxH2-xTi3O7.nH2O have been reported (Hu et al., 2010; Hu et al., 2009). However, 
the explanation of the dielectric behavior of TiO2-based nanotubes bulk systems is 
still unclear and uncompleted. Therefore, it is important to seek a low-
loss dielectric giant system of TiO2-based nanotubes with clear exploration of its 
origin of giant dielectric. Furthermore, the effect of Co and Fe doping on the dielectric 
and electrical properties of TNTs as functions of frequency, temperature, dc bias and 
current voltage should be also carried out. 
 In this research, the titanate nanotubes (NaxH2-xTi3O7.nH2O, TNTs) and 
Fe/Co doped TNTs are prepared by hydrothermal route. The prepared TNTs samples 
are characterized by thermogravimetric/differential thermal analysis (TG-DTA), 
transmission electron microscopy (TEM), X-ray diffraction (XRD), fourier transform 
infrared spectroscopy (FT-IR), Raman spectroscopy, X-ray photoelectron 
spectroscopy (XPS), X-ray absorption spectroscopy (XAS), UV-vis 
spectrophotometer (UV-vis) and Vibrating sample magnetometer (VSM). The 
dielectric properties of the prepared TNTs are investigated as a function of frequency, 
temperature, and dc bias under 0-10 V. The non-linear properties and effects of 
transition metals doping (i.e., Co, Fe) at Ti site on the electrical properties of titanate 
nanotubes are also investigated. The origin of the giant dielectric behavior of the 











  1.2 Objectives of the dissertation  
1.2.1 To synthesize titanate nanotubes (TNTs) and Fe/Co-doped TNTs by  
the hydrothermal route. 
1.2.2 To characterize the microstructure and phase composition of the 
synthesized titanate nanotubes. 
1.2.3 To study the dielectric and electrical properties of the synthesized 
titanate nanotubes as functions of frequency, temperature, dc bias and current voltage. 
1.2.4 To study the effect of Co and Fe doping on the dielectric and electrical 
properties of the prepared TNTs as functions of frequency, temperature, dc bias and 
current voltage. 
1.2.5 To explain the origin of the giant dielectric behavior of the prepared 
TNTs and Co/Fe-doped TNTs.   
 
1.3 Limitation of the study  
1.3.1 Synthesis of titanate nanotubes (NaxH2-xTi3O7.nH2O) and Fe/Co-
doped titanate nantubes. 
1.3.2 Study of microstructure and phase composition of the synthesized 
titanate nanotubes by using the XRD, TEM and EDS techniques. 
1.3.3 Study of absorption or reflectance of the synthesized titanate nanotubes 
by using UV-Vis and FT-IR techniques.  
1.3.4 Study of chemical state or electronic state of the synthesized titanate 
nanotubes by using XPS and XANES. 
1.3.5 Study of magnetic properties of the synthesized titanate nanotubes by 











1.3.6 Study the dielectric and electrical properties of the synthesized titanate 
nantubes as functions of frequency, temperature, dc bias, and current voltage. 
 
1.4 Location of research 
1.4.1 Advanced Materials Physics Laboratory (AMP), School of Physics, 
Institute of Science, Suranaree University of Technology (SUT), Nakhon Ratchasima, 
30000 Thailand. 
1.4.2 The Center for Scientific and Technological Equipment (SUT), 
Suranaree University of Technology (SUT), Nakhon Ratchasima, 30000 Thailand. 
1.4.3 National Metal and Materials Technology Center (MTEC), Thailand 
Science Park, 114 Paholyothin Rd., Klong 1, Klong Luang, Pathumthani, 12120 
Thailand. 
1.4.4 Department of Physics, Faculty of Science, Khon Kaen University, 
Khon Kaen, 40002 Thailand. 
1.4.5 Department of Chemistry, Faculty of Science, Khon Kaen University, 
Khon Kaen, 40002 Thailand. 
1.4.6 Faculty of Science, Chiang Mai University, Amphur Muang, Chiang 
Mai, 50200 Thailand. 
1.4.7 Synchrotron Light Research Institute (SLRI), 111 Surapat 3, Suranaree 















1.5     Anticipated outcomes 
1.5.1 Knowhow of synthesis of titanate nanotubes with excellent good 
dielectric properties.  
1.5.2  The most possible mechanism of dielectric response in the titanate 
nanotubes.  
1.5.3 International publications (ISI). 
 
1.6  Dissertation structure 
This dissertation is divided into five chapters. The introduction of the project 
is given in Chapter I. Review of literature which is relevant to this research, including 
background of titanate nanotubes, theoretical background for dielectric properties and 
electrical response in materials are presented in Chapter II. Chapter III presents the 
preparation, characterization of all the samples. And then, the results obtained in this 
research and discussions of the results are given in Chapter IV. Finally, conclusions 










 CHAPTER II 
LITERATURE REVIEW 
 
This chapter presents a review of the background of titanate nanotubes 
(TNTs), basic theories which are used to describe the electrical, dielectric properties 
and models for effective dielectric permittivity of undoped TNTs and Fe/Co-doped 
TNTs. Moreover, general structure of TNTs, preparation for synthesis of undoped 
TNTs and Fe/Co-doped TNTs, optical, electrical and magnetic properties of TNTs are 
reviewed. 
 
2.1 Electrical properties and polarization of materials  
 2.1.1 Dielectric properties of materials (Hench and West, 1990)  
Dielectric responses result from the short range motion of charge 
carriers under the influence of an applied electric field. The motion of charges leads to 
the storage of electric energy and the capacitance of the dielectric. Capacitance is 
following by  
 
                                                 
V
QC =                                                             (2.1) 
 
The capacitance of a vacuum capacitor is determined by the geometry. It can be 












proportional to the area, A in square meters and the electric intensity applied  
 
d
VE = , 
 
where d is the distance between the plate. The capacitance of the vacuum capacitor is                                                               
 
.00 d
AC ε=                                                      (2.2) 
 
Where 0ε is the permittivity or dielectric constant of a vacuum ( 0ε = 8.854×10
-12 
C2/m2 or F/m), A is a sample area and d is the sample thickness. If a ceramic materials 
of dielectric constant, ε , is inserted between the capacitor plates,  
 
                                              ,'0
0
0 εε
ε CCC ==                                          (2.3) 
 
where 'ε  is the relative permittivity or relative dielectric constant. From Eqs. (2.2) 
and (2.3), we can write for a dielectric constant. This is the material property 
determining the capacitance of a circuit element and is of principal concern to the 
ceramist.  
  A dielectric material reacts to an electric field differently from a free 
space because it contains charge carrier that can displace and charge displacement 
within the dielectric can neutralize a part to applied field. From Eqs. (2.1) and (2.3), 
















QV ε=                                     (2.4) 
That, is only a factor of the total charge, the free charge, '/εQ , set up and electric field 
and voltage toward the outside; the bound charge, is neutralized by polarization of the 
dielectric. The schematic of the dielectric polarization is represented in Figure 2.1.  
 
Figure 2.1 Schematic representation of dielectric polarization (Adapted from 
Hence and West (1990).  
 
 2.1.2 Polarization of materials 
 The electrical polarization is the relative tendency of a charge 
distribution, like the electron cloud of an atom or molecule, to be distorted from its 
normal shape by an external electric field, which is applied typically by inserting the 
molecule in a charged parallel-plate capacitor, but many also be caused by the 
presence of a nearby  ion or dipole. There are various possible mechanisms for 
polarization in a dielectric material. These include electronic polarization and space 
charge polarization. The detail of each mechanism is given as follows. 
2.1.2.1 Electronic polarization 












within a material with respect to the positive nucleus. This polarization mechanism 
can occur at very high frequencies in the ultraviolet optical rage, 1015 Hz. This 
mechanism related to the optical properties of material, i.e., the index of refraction.  
  2.1.2.2     Atomic polarization 
The atomic polarization can occur at high frequencies up to  
the rage of about 1012-1013 Hz. When the external electric field is applied, the 
separation between the ions further increases. Hence, the net dipole moment of the 
materials also increases. 
  2.1.2.3     Orientation polarization 
Orientation polarization occurs only in polar dielectric 
material, which process permanent electric dipole. The electric field causes the 
reorientation of the dipole toward the direction of the field. This can usually be 
responsible for the dielectric constant values of 103 or more in the frequency range of 
102-106 Hz. 
2.1.2.4      Space charge polarization  
It is called “Interfacial polarization or Maxwall Wagner 
Polarization”, the polarization occurs is material in with only the few charge carrier 
are capable of moving through small distances. When the external electric field is 
applied, these charge carriers move. During the motion, they get trapped or pile up 
against lattice defects. These localized charges induce their image charge on the 
surface of the dielectric material. This led to the development of net dipole moment 
across the material. This polarization can occur in the frequency range from 100- 103 
Hz. The typical dependence of the polarizability on frequency over a wide range is 
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Figure 2.2 Frequency dependence of the polarization mechanism in dielectrics  
(Adapted from Hence and West (1990)). 
 
2.1.3 The dielectric behaviors in alternating fields (von Hippel, 1954) 
 In order to measure the permittivity of a sample, the alternation voltage 
given by the real part of tieVV ω0= (where 0V  is the amplitude, ω  is the angular 
frequency and t is the time) is applied across the bulk sample. The measurement 























where CVQ = , *C is the complex capacitance of the sample and 0C  is the vacuum 
capacitance between the two electrodes (the distance between to electrod is equal to 







Figure 2.3 A circuit diagram of dielectric measurement (Adapted from von Hippel 
(1954)). 
  
In addition, a complex dielectric constant ( ∗ε ) should also be used to  
described the dielectric properties of materials: 
 
εεε ′′−′=∗ i                        (2.6) 
 
where 1−=i , ε ′ is the real part of the relative dielectric constant with expresses the 
maximum stored electrical energy and ε ′′ is the imaginary part of the relative 
dielectric loss of the dielectric material. Both ε ′ and ε ′′ are experimentally measurable 
quantities which may be used to characterize the dielectric dispersion over the range 
of frequency and temperatures. 





























=tan             (2.7) 
 
where δ is the loss angular  and δ−90 is the phase angle between current and 
voltage. 
Substituting Eq. (2.6) into Eq. (2.5), I* can be written as 
  
    ViCI )(0
* εεω ′+′′=             (2.8) 
 
The dielectric sample can be considered as an equivalent parallel circuit as shown in 







Y ω+= 1*            (2.9) 
where pR and pC are the parallel resistance and capacitance of the of sample dielectric 





VYI +=+== ∗ )1(* ω           (2.10) 
 
where RI  and CI  are the real and imaginary part of the current, respectively.  

















VCiC +=+=′+′′ )1()( 00 ωεωεω                      (2.11) 
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and 










εδtan                                                      (2.14) 
 
Eq. (2.13) can be rewritten as: 
 













G 1=  is the AC conductance, which in general is a combination of genuine 
conductivity (i.e. the motion of charges) and the conductance due to any time 
dependent polarization processes (i.e. the motion of dipoles). If the electrode plates 
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AC 00
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=                                                      (2.17) 
hence, 
 




=′′                                                         (2.18) 
 
where σ  is the conductivity, In general, σ  will include both the time dependent 
polarization effect and genuine dcσ  arising from free charges, and is assumed to be 
frequency independent at these low frequencies. pR  and pC are the parallel resistance 



























(a)                                                              (b) 
 
Figure 2.4 (a) The equivalent parallel circuit of a dielectric sample (a) and 
corresponding phasor diagram (b) (Adapted from von Hippel (1954)).   
 
2.1.4 Relationship between complex dielectric constant and polarization 
  In the dielectric materials, the presence of an electric field causes the 
bound charges in the materials to slightly separate, including a local electric dipole 
moment as demonstrated in Figure 2.1. The total electric displacement ( D

), as the 
sum of the electric field ( E

) and dipole charge ( P

) is given as: 
 
                                         ,0 EEPED permit

∗==+= εεε                 (2.19) 
 
where ∗ε is the complex permittivity of the dielectric material. The displacement field 
is the sum of polarization field within the dielectric material and the product of an 
electric field between the plates without the dielectric between them and 0ε . The 
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εε permit=                                                         (2.21) 
 
Note that *ε is the complex dielectric constant. The polarization can be rearranged as 
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and then  
 













are in the same direction, equation (2.23) can be presented in 
scalar form,  
 





































            (2.26) 
 
where χ is the electric susceptibility 
                                                        χε += 1*                                                        (2.27) 
 
Eqs. (2.25) and (2.27) give a correlation desired between the dielectric constant and 
the total polarization in the material. 
The polarization )(P

is the surface charge density of the bound charge, equal to 
the dipole moment per unit volume of material 
 
       µ

NP =                                                             (2.28) 
 
where N is a number of dipole per unit volume and µ is the average dipole moment, 
which is proportional to the local electric field. The electric dipole moment 
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=µ                (2.29) 
 
The average dipole moment to the local electric field can be defined as the 
polarizability )(α , 






α                                                             (2.30) 
 
Thus, the total polarization can be written as  
                                                 ENP ii ′= α                                                      (2.31) 
 
In the case of insulating dielectric solids, polarization of the surrounding medium 
substantially have enough to affect the magnitude of the local field. The local field 
contribution was firstly derived by Mosotti via the integration of the normal 
component of the polarized vector over the surface of a spherical cavity in the 
material (Kao, 2004). The obtained result is 
 
                                                        
03ε
PEE a +=′                                                  (2.32)                    
Since EPN ii ′= /α from Eq. (2.31) then 
 







=                                        (2.33) 
 























−                                         (2.34) 
 
Eq. (2.34) is the classical Clausius-Mossotti equation, which describes the 
relationship between the complex dielectric constant of a materials and the number 
polarizable  species iN  as well as the polarizability of the species iα . 
According to Figure 2.2, there are four major classes of polarization species in the 
ceramics and glasses; consequently, 
 












−                        (2.35) 
 
where eα , aα , orα , and scα are electronic, atomic, orientational, and space charge 
polarizabilities, respectively. 
 
2.1.5 Time-dependent electric Polarization (Koa, 2004) 
In general, the time required for electronic and atomic polarization and  
depolarization is very short (<10-12sec), as shown Figure 2.5. This deformational 
polarization process is also referred to as the resonance process because it involves 
vibrating modes. Resonance of a vibrating system occurs when an excitation field 
oscillates at a frequency close to the natural frequency of the system. The time 
required for orientational, hopping, or space charge polarization and depolarization is 
quite long and varies in a wide range, depending on the dielectric systems; such 












involve a relaxation time. A relaxation phenomenon occurs when restoring action 
tends to bring the excited system back to its original equilibrium state. For simplicity, 
hopping and space charge polarization are therefore, ignored.  
 
Figure 2.5 The variation of different types of polarization with time under the 
step-function electric field (Adapted from Kao (2004). 
 
The total polarization of dielectrics can be expressed as  
 
 oraetatal PPPP ++=             (2.36) 
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 oraetatal PPPP ++=             (2.36) 
 
Since the response time for electronic and atomic polarization is so short, which and 
can be assumed to be practically constant for all frequencies from 0 - 1012 Hz. 
Consequently, these two polarizations can be included as the high-frequency 
polarization ( ∞P ): 
 
                                                          ae PPP +=∞                                                   (2.37)         
 
From Eq. (2.25), ∞P  can be approximated as  
 






ε ∞∞ +≈′                                                 (2.38) 
 
∞′ε  is the dielectric constant at a high frequency range or the unrelaxed high-
frequency dielectric constant, and then,  
 
                                                          EP 0)1( εε −′= ∞∞                                       (2.39) 
 
These two types of polarization can be considered to follow instantaneously the 












in phase.  Similarly, the low-frequency dielectric constant or the relaxed static 
dielectric constant ( sε ′ ) can be expressed as  
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By substituting Eq. (2.39) into (2.40) and simplifying, the orientational polarization 
can be written in terms of ∞′ε and sε ′ as 
 
                                                        EP s 0)( εεε +′−′= ∞∞                                      (2.41) 
 
From Eq. (2.39) and (3.41), totalP can be written as  
 
                                EEPPP sortatal 00 )()1( εεεεε ∞∞∞ ′−′+−′=+=                         (2.42) 
 
Supposing that the orientational polarization takes time to respond to the applied 
excitation field F, and that at the removal of the excitation field making E = 0 at t = 0, 
the polarization will decay at a rate proportional to its change from its equilibrium 
state (as shown in Figure 2.6). The polarization will decay at a rate,  
 







                                              (2.43) 
 
where τ is the macroscopic relaxation time. Using the boundary condition that at t = 
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Similarly, if a step-function excitation field E is applied to the dielectric system at t = 
0, then 0)( =tPor at t = 0, )(tPor and increases with time. The orientational 
polarization will increase at a rate,  
 
                                 )]/exp(1[)()( 0 τεεε tEtP sor −−′−′= ∞                                     (2.45) 
 
In this case, dttdPor /)( gives the polarization rate. The approximate time required for 




































Figure 2.6 The variation of different types of polarization with time under a step-
function electric field. 
 
As demonstrated in Figure 2.7, supposing that during the time interval  
between u and u + du, an excitation field E(u) is applied to the dielectric system.  At E 
= 0 for t < u and t > u + du; consequently, )(tPor will take time to respond and will 
change for t > u. Then )(tPor reaches the value of Por(u + du) at u = t + du;  the 
polarization will decay gradually. During the polarization period u ≤ t ≤ u + du, the 
change of the polarization can be written as (Kao, 2004). 
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The term of { })/(exp1 τut −−−  can be referred to a response function.  From Eq. 
(2.42), The total tatalP  consists of two parts: ∞P , which can follow the excitation field 
immediately, and )(tPor , which is governed by Eq. (2.46). The increment of total 
polarization, tataldP is 
 
                                )()()( utdPutdPutdP ortotal −+−=− ∞                                    (2.47) 
 
By considering Eqs. (2.39) and (2.46), Eq. (2.47) can be written as 
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εεεεε                (2.48) 
 
According to the superposition principle, the total polarization at time t is a 
superposition of all increments dP ; therefore, tataldP can be obtained as 
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Integrating by part, Eq. (2.49) can be obtained as  
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where the term of ]/)(exp[ τut −−  is the decay function that tends to approach zero at 
∞→t . If E is the step-function electric field with E = 0 at t = 0 and E = E at t = 0+, 
then Eq. (2.50) is expressed as 
 
                   [ ])/exp(1)()1( 00 τεεεεε tEEP stotal −−′−′+−′= ∞∞                              (2.51) 
 
The first term on the right hand side of Eq. (2.51) is a time dependent electric 
polarization function, whereas the second term is a function that dependent on time. 









































Figure 2.7 The response of P(t) to a delta function electric field E(u) of strength 
E(u) within the time period of u ≤ t ≤ u + du (Adapted from Kao 
(2004)). 
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 2.1.6 Debye relaxation model  
  The Debye relaxation model is based on a single relaxation time; all 
the dipoles in a system have a same relaxation time. An alternative and more concise 
way of expressing Debye equations is  
                                                











                               (2.52) 
 
The dielectric constant (ε ′ ) and dielectric loss ( ε ′′ ) can be separated as 
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s                                      (2.55)    
                
According to Eqs. (2.54) and (2.55), the angular frequencies of the applied electric 
field at whichε ′′ and δtan are maximal can be obtained by setting 0/ =′′ ωε dd and 
































d                    (2.56) 
 
where ∞′−′=′∆ εεε s . Therefore, ωε dd /′′  will be zero when 
 
3232 2)( τωετωτε ′∆=+′∆                                      (2.57)                             
 
From Eq. (2.57), the frequency at whichε ′′ is maximal will occur at )(εωω ′′= p  
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Similarly, it can be proved that the frequency at which δtan is maximal will occur 
at )(δωω p= , 
 








p                                               (2.59) 
 
At the frequency of )(εωω ′′= p and 1)( =′′εωp  the dielectric parameters of the dielectric 
are given by  
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stan                                                    (2.62)  
 
At the frequency of )(δωω p= , δtan  is given by 
  










stan                                                    (2.63)  
 
The frequency dependent of the dielectric parameters is illustrated in Figure 2.8. The 
dielectric spectra are obtained by assuming sε ′= 600, ∞′ε = 100, and τ = 10
-5 s and 
taking into Eqs. (2.53), (2.54), and (2.55). The results reveal that the angular 
frequency of the applied electric field (ω ), at whichε ′′ is maximal, is 105 Hz 
corresponding to Eq. (2.58). At this frequency, the values of the ε ′ and ε ′′  are 350 
and 250, respectively. In general, sε ′  is always larger than ∞′ε  and ( ∞′′εε s >1) 
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Figure 2.8 Frequency dependent of dielectric properties of dielectric materials 
(plotted using Eqs. (2.53)-(2.55)). 
 
2.1.7 Cole-Cole and other relaxation model 
  Polar dielectrics that have more than one relaxation time do not satisfy 
Debye equations. In these materials, a distribution of relaxation times is important to 
interpret the experimental results. KS Cole, RH Cole (1941) have adapted the Debye 
relaxation model to obtain the suitable model for ascribe the relaxation behavior of 
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ω=ωp(δ) 
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∗                                                   (2.65)                                      
where α is constant parameter with 0 < α  ≤ 1. When 1=α , the Cole-Cole relaxation 
model is transformed to Debye relaxation model.  If α < 1, it implies that the 
relaxation has a distribution of relaxation times, leading to the broader peak shape 
than a Debye peak, as shown in Figure 2.9. The slop of step decrease in dielectric 
constant and the peak height of dielectric loss decrease with decreasing theα value. 
Moreover, several models have proposed to modify the Cole-Cole relaxation model; 
some of the models are listed below for comparison purpose: 
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All of this model on the value of α  and β chosen within the ranges of 0 < α  ≤ 1 and 












physics behind the distribution of relaxation times. The modification of the original 















Figure 2.9 Frequency dependence of dielectric properties of dielectric materials 
with different distributions of relaxation times obtained from Debye 
and Cole-Cole relaxation models (plotted using Eq. (2.65))   
 
2.1.8 The effect of dc conductivity on dielectric properties 
  When an alternating electric field is applied across a parallel-plate 
capacitor with the plate area of one unit and a separation by dielectric layer, the total 


























α = 1.0 
α = 0.8 

















*ε+=+=                                   (2.68) 
where J  is the conduction current or current density. *permitε  allows for dielectric 
losses due to the friction accompanying polarization and orientation of electric 
dipoles. 
  In some dielectric materials, the dc conductivity dcσ not negligibly 
small, dcσ will contribute to the dielectric loss of the dielectric materials. The total 
complex dielectric constant can be demonstrated as 
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Taking the dc conductivity into account, the Debye relaxation model as Eq. (2.53) is 
became to   
 












+′= ∞∞                                     (2.70) 
 
The dielectric loss ε ′′  is expressed as 
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When 1≈ωτ , Eqs. (2.71) and (2.72) reduce to 
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The frequency dependent of the dielectric loss ε ′′  including the effect of dc 
conductivity is revealed in Figure 2.10. It is clear that the both of conductivity and 

















Figure 2.10 Frequency dependent of dielectric loss ε ′′ represented by Debye 
relaxation model, including the effect of dc conductivity. This Figure 
shows the evolution of the relaxation process and dc conductivity 
contributing to the dielectric loss. 
 
2.1.9 Theory of impedance spectroscopy 
  Impedance spectroscopy (IS) is a powerful tool of characterizing many 
of the electrical properties of materials and their interfaces with electronically 
conducting electrodes. It may be used to investigate the dynamics of bound or mobile 
charge in the bulk or interfacial regions of any kind of solid or liquid material: ionic, 
semiconducting, mixed electronic–ionic, and even insulators (dielectrics) (Barsoukov 
and Macdonald, 2005). The complex impedance Z* of a polycrystalline materials can 
































VZ =             (2.77) 
 
where *V  and *I are the applied voltage and measuring current, respectively. On the 
other hand, *Z can be obtained from the complex dielectric constant *ε : 
 




Z =            (2.78) 
 
where εεε ′′−′= j* , fπω 2= and dAC /00 ε= where A is the electrode area and d is 
the sample thickness. Generally, impedance data on materials can be analyzed using 
an  equivalent circuit compose of resistor (R) and capacitor (C) element in parallel, 
each separated out the grain and the grain boundary (GB) effects (Xue et al., 2009; 
Thongbai et al., 2012).  It can be represented by the equivalent circuit shown in 
Figure 2.11 
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ωRgbCgb = 1 
Rb + Rgb  ωRbCb = 1 
Rb  
 bulk  
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where Rg Rgb Cg and Cgb correspond to the resistance and capacitance of the grain 















Figure 2.11 (a) The equivalent circuit used to model the electrical properties of 
ceramics and the parameters Rg, Rgb, Cg and Cgb correspond to the 
resistance and capacitance of the grain and grain boundary, (b) 

















2.2 Structure and formation mechanism of titanate nanotubes 
(TNTs) 
 2.2.1 Structure of titanate nanotubes (TNTs) 
Titanates are generally monoclinic, orthorhombic, cubic or tetragonal  
in crystal structure, dependent upon their structure formula and atomic configuration. 
In the interest, only the alkali metal titanate structure will be explained further. Based 
on XRD, SAED and HRTEM result, Chen et al. (2002) proposed that the crystal 
structure of titanate nanotubes corresponded to the layered trititanic acid (H2Ti3O7) 
having a monoclinic crystal structure (as shown in Table 2.1) Figure 2.12 shows a 
schematic  of the crystal structure of monoclinic trititanic acid in a TiO6  edge-sharing 
octahedron. The lattice parameters for each chemical structure are shown in Table 2.1 
Chen et al. (2002) suggested two possible formation mechanisms of 
H2Ti3O7. They proposed trititanate (Ti3O7)2− sheets may grow within the 
intermediate phase, caused by the reaction between NaOH and TiO2. The nanosheets 
grow with an increasing tendency of curling, leading to the formation of nanotubes. 
Also, Na2Ti3O7-like nanocrystal was assumed to form in this disorder-phase, and 
single trititanate layer subsequently peeled off from the nanocrystal and curved 
naturally likewood shavings into nanotube. This phenomenon was inferred from the 
excessive intercalation of Na+ between the spaces of crystals. Their other studies 
reinforced the afore stated mechanism, where the hydrogen-deficiency on the surface 
of (Ti3O7)2− plates can provide the driving force (surface tension) for the peeling-off 
of (Ti3O7)2− plates and therefore resulting in the layers bent to form tube morphology. 
They proposed the optimum dimension of TNTs has also been surveyed in terms of 












which was induced by the negatively charged (Ti3O7)2− layers. Coupling energy, 
resulting from the contributions of unequal distribution between two sides of 
(Ti3O7)2− layers and the usual elastic strain energy of bent crystalline plate, optimize 
the radius of TNTs at 4.3 nm. They explained the tubes may be constructed by 
wrapping a (1 0 0) plane along AAʹ, as indicated in Figure 1(b). Figure 1(c) illustrates 
the construction of a nanotube by the displacement of Aʹ with a space of 0.78 nm, and 
the structure and cross-sectional view of TNTs are shown in Figure 2.2(a) and (d), 
respectively. 
In addition, Wu et al. (2006) have proposed that the formation 
mechanism of nanotubes by rolling of the (100) plane monolayers of H2Ti3O7  
around the axis [001]. In both cases, the walls of the nanotubes composed of several 
layers, the interlayer spacing of 0.78 nm. The structure of each layer corresponds to 
the structure of the (100) plane of monoclinic titanate, with is a set of closely packed 























Figure 2.12 Structure models of (a) 2×2 unit cells of H2Ti3O7 on the [010] 
projection and (b) layer of H2Ti3O7 on the (100) plane from with the 
nanotube is constructed. AAʹ and AAʺ indicate the chiral vectors. 
Schematic diagrams show (c) the introduction of displacement vector 
AAʹ when wapping up a sheet to form a scroll-type and (d) the 
structure of trititanate nanotubes. The crystal orientations indicate are 
the orientations according to the H2Ti3O7 layer (Ou and Lo, 2007; 

















Table 2.1  Crystallographic phase of titanate nanotubes (TNTs) and their     




Lattice parameter (nm) 
References 
a b c β 
Anatase TiO2 Tetragonal 3.79 3.79 2.38 - 
Kasuga et al. (1999) 
Du et al. (2001) 
Na2Ti3O7, NaxH2-
xTi3O7 
Monoclinic 1.926 0.378 0.300 101.45° Djenadic et al. (2007) 
Morgado Jr et al. (2006) 
Morgado Jr et al. (2007) 
H2Ti3O4(HO)2, 
Na2Ti2O4(HO)2 
Orthorhombic 1.808 0.379 0.299 - 
Zhang et al. (2004) 
Zhang et al. (2007) 
HxTi2x/4□x/4O4(H2
O) 
Orthorhombic 0.378 1.874 0.298 - 
Ma et al. (2003) 
H2Ti4O9 (H2O) Monoclinic 1.877 0.375 1.162 104.6° Nakahira et al. (2004) 
 
2.2.2 Synthesis of titanate nanotubes (TNTs) 
  Many methods have been developed for the synthesis of TNTs such as 
assisted-template method (Hoyer, 1996; Jung et al., 2002; Lee et al., 2005) , sol–gel 
process (Wang et al., 2012), electrochemical anodic oxidation (Zhao et al., 2007) and 
hydrothermal treatment (Yoshida et al., 2005; Morgado Jr et al., 2006; Kasuga et al., 
1998; Ou and Lo, 2007; Tsai and Teng, 2006). Electrochemical acidic oxidation and 
hydrothermal treatment succeeded in fabricating TNTs. Each fabrication method can 
have unique advantage and functional features and comparisons among these three 
approaches have been complied in Table 2.2. These methods, other than the 
hydrothermal process, are either not suitable for large scale production or not able to 












architecture of TiO2-based nanotubes constructed via the hydrothermal treatment is 
capable of good crystalline formation and establishment of a pure-phase structure in 
one step in a tightly closed vessel. 
In the 1998, Kasuga et al. (1998) first discovered alkaline hydrothermal route 
for the synthesis of the titanate nanotubes structure. This synthesis procedure involves 
the treatment of a TiO2 powder with concentrated alkaline solutions (10 M NaOH) at 
110 °C for 20 h, the morphology of nanotube with a diameter of about 8 nm and a 
length of about 100 nm and specific surface area of about 400 m2∙g-1. Nanotubes can 
be successfully synthesized from different crystalline titania polymorphs through 
alkaline hydrothermal treatment (Nakahira et al., 2004; Thorne et al., 2005; Ou and 
Lo, 2007; Morgado Jr et al., 2006). Nanotubes are produced when mild to moderate 
hydrothermal condition are employed. These condition include hydrothermal 
temperature between 90 and 160 °C (Chen et al., 2002; Sun and Li, 2003; Seo et al., 
2008; Hu et al., 2010) with alkaline concentrations in excess of 10 M (Chen et al., 
2002; Thorne et al., 2005; Seo et al., 2008; Hu et al., 2009). These good conditions 
involve hydrothermal temperature at 130 °C (Chen et al., 2002; Hu et al., 2009; Hu et 
al., 2010) and alkaline concentrations of 10 M (Chen et al., 2002; Thorne et al., 2005; 
Seo et al., 2008; Hu et al., 2009; Hu et al., 2010).  
 In addition, nanostructure doping is achievable through either pre- or post 
treatment processes, producing either intercalated or surface-doped nanostructure. 
Alkaline earth metal or transition metal ions are often intercalated into nanostructure 
through ion-exchange processes, whilst transition metal and non-metal ions can be 












nanotubes are soaked in the basic solution containing transition metal ions including 
Co2+, Fe2+, Ni2+, Cu2+ and Ag2+ (Umek et al., 2008; Su et al., 2011; Yuan et al., 2013).  
 Moreover, the magnetic and optical properties of nanotubes were considered 
by Sun and Li (2003). There was compared physical chemistry between the sample 
washing with water only and washing with acid, studies morphologies under thermal 
treatment. Result of EDXA and determination of the thermal and hydrothermal 
stability elucidated a kind of titanate nanotubes might be molecule of NaxH2-xTi3O7  
(x = 0.75). Furthermore, they were prepared ion exchange reactions in aqueous 
ammonia solution with Cd2+, Zn2+, Co2+, Ni2+, Cu2+ and Ag+ with titanate nanotubes, 
and proposed that transition metal ions might be replaced sodium ions in nanotubes. 
However, TEM image presenting the tubular structure was retained without the 
agglomeration of particles or clusters that are formed the outer wall of titanate 
nanotubes substituted with Cd2+, Zn2+, Co2+, Ni2+, Cu2+. Form UV/Vis spectra can 
determine band gap of titanate nanotubes about 3.1 eV, while Co2+, Ni2+ and Cu2+ 
substituted nanotubes might be excited by visible light due to transition metal ions 
leading to broad absorption in the visible light.  
High-purity nanotubes and nanobelts could be controllably obtained in 
hydrothermal treatments of anatase TiO2 in concentrated NaOH solution depending 
on treating temperature and duration. Ma group represented XANES spectra of 
nanotubes the pre-edge peak indicated to forbidden transitions from the core 1s level 
to unoccupied 3d states of a Ti4+ due to the degree of the distortion of TiO6 
octahedron (Ma et al., 2005). The core level 2p XPS spectra for as synthesized, ion-












Titanate nanotubes were achieved by hydrothermal method with 10M NaOH 
solution at various reaction temperatures ranging from 70 to 150 °C over 48 h. They 
reported the spectra of Ti 2p for as-synthesize titanate investigated by a binding 
energy of 458.3 eV (2p3/2) and 464.0 eV (2p1/2) with separation energy of 5.7 eV (Seo 
et al., 2008).  
The electrical property of titanate nanotubes has recently attracted much 
attention. However, only a few studies have reported. In the report of Thorne group 
(Thorne et al., 2005), which observed electrical properties of titanate nanotubes 
prepared by hydrothermal method. They proposed the impedance complex plane 
consisting of two semicircular arcs indicating that there at least two electrical 
responses in titanate nanotubes, which refers to the external effect. The conductivity 
large semicircle at low frequency effected to resistance of the electrode. The 
conductivity at high-frequency electrical response refers to the internal resistance due 
to grain and grain boundary. The conductivity (σ) is calculated about 5.5×10-6 S cm-1 
at 30 °C, there is increasing with increasing temperature. Above 130 °C, the 
conductivity drops with calculated activation energy (Ea) about 0.57 eV. 
Similar work reported by Hu group (Hu et al., 2009), the 
Na0.96H1.04Ti3O7∙3.42H2O (Na-TNT) nanotubes were prepared by hydrothermal 
method at 130 °C for 24 h, which converted into the Na0.036H1.964Ti3O7∙3.52H2O (H-
TNT) nanotubes by acidic rinsing (0.1 M HNO3) for 2 weeks. They observed in terms 
of the defect chemistry, hydration, and the triple conductive species and presented 
these electrons may contribute to the grain conductivity (σg). The grain conductivity 
of TNT increases from 1.7×10-5 S/cm at room temperature to reach a maximum of 












indicate the number of conductive protons decreases due to the removal of water from 
the nanotubes effect the heating process. Conduction in TNT may be cause structural 
distortion of the protonated octahedron and enhance coupling interaction between the 
layers; during Na+ ions with weak bonding to TiO6 octahedron are more mobile and 
conductive under external fields.  
Titanium oxy-nitride has been fabricated for the first time from anhydrous sol-
gel method and used as anode for water electrolysis in acid medium (Wang et al., 
2012). The titanium oxy- nitride is conchoidal fracture particles and the surface is 
smooth. The particle size is about 10 - 30 μm. The material is sensitive to the 
calcination temperature. The properties of the samples changed with the temperature 
of calcinations. Moreover, there are other techniques of synthesis and morphology of 

























Table 2.2 Comparisons of current methods in TNTs fabrication. 
Fabrication method Advantages Disadvantages TNTs features 
Template–assisted 
method 
Hoyer et al. (1996) 
Jung et al. (2002) 
 Lee et al. (2005) 
(1) The scale of 
nanotube can be 
moderately controlled 
by applied template 
(1) Complicated 
fabrication process 
(2) Tube morphology 
may be destroyed 
during fabrication 
process 





Zhao et al. (2007) 
(1) More desirable for 
practical applications 
(2) Ordered alignment 
with high aspect ratio 
(3) Feasible for 
extensive applications 
(1) Mass production is 
limited 
(2) Rapid formation 
kinetics is subjected 
(3) Highly expense of 
fabrication 
apparatus 
Oriented arrays  
(thin film) 




Kasuga et al. (1998) 
Chen et al. (2002) 
Sun and Li (2003) 
Seo et al. (2008) 
Hu et al. (2009) 
(1) Easy route to 
obtain nanotube 
morphology 
(2) A number of 
modifications can be 
used to 
enhance the attributes 
of titanium nanotubes 
(3) Feasible for 
extensive applications 
(1) Long reaction 
duration is needed 
(2) Highly concentrated 
NaOH must be added 
(3) Difficult in 

















Table 2.3 Lists of reports for synthesis of TNTs by hydrothermal method. 
Materials Alkaline 
NaOH 









TiO2 5-10M 110 20 8 100 TiO2  
anatase  
Kasuga et al. 
(1998) 
TiO2 10M 130 
 
72 9 several H2Ti3O7  Chen et al. 
(2002) 
TiO2 10M 100-180 
 
<48 8-20 several H2Ti3O7  
 
Sun and Li 
(2003) 
TiO2 5-10M 110-190  12 100-300 several H2Ti3O7  
 
Ma et al. 
(2005) 
TiO2 10M 150 72 10 several H2Ti3O7 Thorne et al. 
(2005) 
TiO2 10M 150 
 
48 10-20 several H2Ti3O7  
 
Seo et al. 
(2008) 
TiO2 10M 130 
 
24 8-10 several H2Ti3O7  
 
Hu et al.  
(2009) 
 
2.3 Giant dielectric properties 
In recent years, giant dielectric materials have been playing a significant role 
in microelectronic devices such as capacitors and memory devices (Subramanian et 
al., 2000; Ramirez et al., 2000; Sinclair et al., 2002). This because such devices often 
require materials with high dielectric constants (ε ′ ) and low loss tangents ( δtan ). 












above 103 consist of ferroelectric oxide and relaxor oxide such as BaTiO3 and 
PbMg1/3Nd2/3O (Cross, 1987; Viehland et al., 1991; West et al., 2004). 
In addition, J Wu et al. (2002) have reported a giant dielectric response in, a 
non-perovskite and non-ferroelectric materials, Li and Ti co-doped NiO (LixTiyNi1-x-
yO(LTNO)) ceramics. The dielectric constant values of LTNO ceramics found to be 
about 103-105 with nearly temperature independent in the range of 200-450K, as 
shown Figure 2.13. This figure presented the temperature dependence of the dielectric 
constant (ε ′ ) and the loss tangent ( δtan ) of LTNO ceramic prepared by a simple sol-
gel method at different frequencies. The increasing the frequency up to 105 Hz, the 
rapid decrease in the dielectric constant was considered at the low temperature range, 
corresponding to the existence of the loss tangent peak. Both of the rapid decrease in 
the dielectric constant and the related relaxation peak of the loss tangent shifted to 
higher temperature range with increasing the frequency. This indicates to the 
thermally activity mechanism of this dielectric relaxation process. The dielectric 
relaxation behavior of the LTNO ceramic was ascribed based on the fact the electric 
dipoles will freeze though the relaxation process at low temperature, and there exists 































Figure 2.13 The temperature dependence of (a) the dielectric constant ε ′  and (b) 
the loss tangent δtan for the LTNO at various frequencies between 
100 Hz and 1 MHz. The inset shows a typical SEM of the samples 
(Wu et al., 2002). 
 
 Moreover, giant dielectric materials reported in recent years, CaCu3Ti4O12 
(CCTO) has gained considerable interest both scientifically and technologically. Its 
giant dielectric constant exhibits values in the range of 103–105 at room temperature 
(Thongbai et al., 2012; Jumpatam et al., 2012; Subramanian et al., 2000), depending 
on ceramic microstructures and processing conditions. It is now widely accepted that 
the origin of the giant dielectric response in the CCTO ceramics is attributed to the 












places. These include internal interfaces inside the ceramics such as grain boundaries 
(GBs), domain boundaries (DBs), and at the external interfaces such as sample–
electrode interface.The dielectric relaxation behavior of CCTO ceramics was ascribed 
based on nanoscale barrier layer capacitance effect (Jumpatam et al., 2012). The 
dielectric relaxation behavior and the value of dielectric of CCTO as clearly seen in 
Figure 2.13    
 
Figure 2.14 Frequency dependence of ε ′ for CCTO/CTO ceramics. Inset shows 
frequency dependence of tanδ at 30 °C (Jumpatam et al., 2012).  
 
2.4 Dielectric properties of TNTs 
  Hu et al. (2009), they considered in terms of the defect chemistry, hydration, 
and the triple conductive species and presented these electrons may contribute to the 
grain conductivity (σg). Figure 2.14 shows the impedance data of TNTs measured at 
room temperature. A semicircle with nonzero intercept in the high frequency and a 
spike in the low frequency were observed. The impedance data in Figure 2.14 is 












connected in series of (RgQg)(RgbQgb), as illustrated in the inset of Figure 2.14, where 
Rg and Rgb represent the grain and grain boundary resistances, respectively. The grain 
conductivity of TNT increases from 1.7×10-5 S/cm at room temperature to reach a 
maximum of 5.1×10-4 S/cm at 90 °C and then decreases with increasing temperatures. 
As a result, indicate the number of conductive protons decreases due to the removal of 
water from the nanotubes effect the heating process. 
 
Figure 2.15 RT impedance spectra of TNTs and H-TNT. The inset shows the 
equivalent circuit that was used for data fit, which R and Q represent 
resistors and constant phase elements (Hu et al., 2009). 
 
In addition, Hu et al. (2010) reported a giant dielectric and polarization 
behavior observed in TNTs. The TNTs structure exhibited high dielectric constant (ε′) 
about 104 at room temperature and low frequency. The ε′ increased at low 
frequencies, with increasing temperature the relaxation peaks shift toward higher 















Figure 2.16 Frequency dependences of the dielectric constants ε ′ and ε ′′ at various 
temperatures for (a) TNTs (Hu et al., 2010). 
 
 This report elucidated from the dielectric relaxation behavior of TNTs. It is 
closely related to the Maxwell-Wagner polarization or the interfacial polarization. The 
relaxation time at very low frequency of TNTs caused from along the tube of water 
molecules intercalated in the scrolled titanate nanotubes, due to localized and short-
ranged transport of charged species, the interface between Ti3O72- skeleton layers, 
i.e., H2O molecule layer confined inside TNTs, playing the predominant role in 
accumulation of charged species. The relaxation under high frequencies relatively 
associated with the axial conductivity due to the cross-sectional linger for charge 























 CHAPTER III 
EXPERIMENTAL PROCEDURE 
 
This chapter describes the experimental method of the research, which 
investigates the TNTs and Fe/Co-doped TNTs dielectric properties of TNTs and 
Fe/Co-doped TNTs. The powders were synthesized by hydrothermal method.  The 
synthesized TNTs were characterized by X-ray diffraction (XRD), transmission 
electron microscopy (TEM), high-resolution transmission electron microscopy 
(HRTEM), Energy-dispersive X-ray spectroscopy (EDS), Vibrating sample 
magnetometer (VSM), Fourier transform infrared (FTIR), UV˗Vis scanning 
spectroscope (UV-Vis), X-ray photoelectron spectroscopy (XPS) and X-ray 
Absorption Near Edge Structure (XANES). The details about the dielectric and 
electrical measurements are also included in the chapter.  
 
3.1 Powder and bulk sample preparation 
 In this study, the titanate nanotubes (NaxH2-xTi3O7.nH2O; TNTs) and Fe/Co-
doped TNTs were synthesized by hydrothermal method. The materials used in this 











Table 3.1 List of raw materials used for titanate nanotubes preparation, quoting their 
source and purity. 
Material Manufacture Purity 
Titanium dioxide (TiO2) Riedel-dehean USP 99-100% 
Sodium hydroxide (NaOH) MERCK kGaA 99% 
Iron (III) nitrate enneahydrate 
(Fe(No3)2.9H2O) 
Kento chemical 99.9% 
Co (II) nitrate hexahydrate 
(Co(No3)2.6H2O) 



















3.1.1 Synthesis of titanate nanotubes (TNTs) 
     Titanate nanotubes (TNTs) were prepared from TiO2 powder and 10 M 
NaOH solution.  First, 2g of TiO2 (99-100% Riedel-dehean USP) was dispersed in 
solution of 10M NaOH (99% MERCK kGaA) (160 ml) under magnetic stirring at 
room temperature for 24 h to form a white suspension. Second, this suspension was 
placed into a Teflon-lined autoclave temperature at 130 °C for 24 h. Then the 
autoclave was cooled to room temperature naturally. Finally, the obtained sample was 
dissolved into deionized water several times and oven dried at 70 °C.   
Throughout this thesis, the powder sample was characterized for 
crystal phase identification by the X-ray diffraction (XRD) using a CuKα radiation 
with λ=0.154060 nm (D2, Bruker, Germany) and recorded within a 5°-80° angle range 
of 2θ; the scan step was 0.02°/s. The morphology and size of TNTs were observed by 
transmission electronic microscopy (TEM) (FEI, Tecnai G2 F20, FE-TEM, 
Netherlands). The structure of all sample are evaluated by fourier transform infrared 
(FTIR) and raman spectroscopy. Room temperature absorption spectra were recorded 
using a UV˗Vis-NIR scanning spectroscope (UV-3101PC, Shimadzu). The X-ray 
Absorption Near-Edge Structure (XANES) spectroscopy measurement were 
performed on the prepared samples to start the valence state of Fe, Co and Ti ions in 
TNTs and Fe-, Co-doped TNTs structure. X-ray photoelectron spectroscopy (XPS: 
AXIS LUTRADLD, Kratos analytical, Manchester, U.K.) was used to determine the 
percentage of oxygen-deficient region and valence state of Ti, O, Na, Fe and Co in the 
TNTs matrix. The magnetic properties of all samples were examined at room 
temperature (293 K) using a vibrating sample magnetometer (VSM) (VSM 7403, 











by silver pain on both sides of the disk-shaped samples. The dielectric and electrical 
responses of the samples were measured using Agilent 4294A Precision LCR Meter 
analyzer over wide range frequency (102˗106 Hz) and temperature (-50 to 180 °C) at 
oscillation voltage of 0.5 V. Each measuring was kept constant with an accuracy of ±1 
°C. Current–voltage measurements were made using a high voltage measurement unit 
(Keithley Model 247). The dielectric properties of TNTs bulks were investigated as a 
function of dc bias under 0-10 V. The breakdown electric field (Eb) was obtained at a 
current density (J) of 1 mA.cm-2. Numerical values for the nonlinear coefficient (α) 
were obtained by a linear regression of log(J) versus log(E) plot within the range of 
validity of the I = KVα equation. A schematic illustration of TNTs and bulks 
preparation by hydrothermal method, characterization and measuring technique is 







































Figure 3.1 Diagram showing preparation and characterization of TNTs 
(Na0.039H1.964Ti3O7·nH2O) powder and bulk, synthesized by 
hydrothermal method.  
2g of TiO2 was dispersed in solution of 10M NaOH (160 ml) 
Stirring at RT for 24 h 
The product was placed into a Teflon-lined autoclave 
temperature at 130 °C for 24 h and cooled to room temperature. 
The sample was dissolved into de-ionized water several times 










Titanate nanotubes (TNTs) 
Uniaxia pressing (3 MPa) 
TNTs bulks 
Bulk characterization 













3.1.2 Synthesis of Fe/Co-doped TNTs 
  The starting powders are calculated according to the stoichiometric 
composition A2 (Ti3−xFex)O7/ A2 (Ti3−xCox)O7·nH2O (A2=Na0.036 H1.964) with x = 0, 
0.05, 0.1, 0.2, 0.3, and 0.4, respectively. First, 2g of TiO2 (99-100% Riedel-dehean 
USP) and Fe(No3)2.9H2O ( 99.9% Kento) or Co(No3)2.6H2O (99.95% Kento) were 
dispersed in solution of 10M NaOH (160 ml) under magnetic stirring at room 
temperature for 24 h and followed by ultrasonic for 2 h. This product was placed into 
a Teflon-lined autoclave temperature at 130 °C for 24 h. Then the autoclave was 
cooled to room temperature naturally. Finally, the obtained sample was dissolved into 
de-ionized water and oven dried at 70 °C. A schematic illustration of the preparation 
of Fe/Co-doped TNTs powders and bulks, characterization and measuring technique 











































Figure 3.2 Diagram showing preparation and characterization of Fe/Co-doped 
TNTs powder and bulk, A2 (Ti3−xFex)O7/ A2 (Ti3−xCox)O7 in which x 
varies as 0, 0.1, 0.2, 0.3 and 0.4, synthesized by hydrothermal method. 
Weighing of TiO2 and Fe(No3)2.9H2O/ Co(No3)2.6H2O   
 Followed by ultrasonic for 2 h 
Dispersed in solution of 10M NaOH (160 ml) and 
stirring at room temperature for 24 h 
The product was placed into a Teflon-lined autoclave 
temperature at 130 °C for 24 h and cooled to room 
 
 











Uniaxia pressing (3 MPa) 
Fe/Co-doped TNTs bulks 
Bulk characterization 
- Dielectric and electrical 
measurements 
 












Table 3.2 The amount of commercial TiO2 and Fe(No3)2.9H2O/ Co(No3)2.6H2O 










x = 0.05 1.9667 0.1683 160 Ti2.95Fe0.05 A 
x = 0.1 1.9333 0.3367 160 Ti2.9Fe0.1 A 
x = 0.2 1.8667 0.6733 160 Ti2.8Fe0.2 A 
x = 0.3 1.8000 1.0100 160 Ti2.7Fe0.3 A 









x = 0.05 1.9667 0.1213 160 Ti2.95Co0.05A 
x = 0.1 1.9333 0.2425 160 Ti2.9Co0.1 A 
x = 0.2 1.8667 0.4851 160 Ti2.8Co0.2 A 
x = 0.3 1.8000 0.7276 160 Ti2.7Co0.3 A 
x = 0.4 1.7333 0.9701 160 Ti2.6Co0.4 A 
 
Denote: A = Na0.039H1.964 O7·nH2O 
 
3.2 Powder and bulk sample characterization 
 The microstructure and phase composition of the TNTs and Fe/Co-doped 
TNTs powders, in this research were characterized by XRD, TEM and EDS 











investigated by UV-Vis and FT-IR techniques. The valence state or electronic state of 
all samples were characterized by using XPS and XANES. Magnetic properties are 
evaluated by VSM. The details of each measuring technique are described in the 
following sections. 
 3.2.1 X-ray diffraction (XRD)  
The prepared TNTs and Fe/Co-doped TNTs were characterized for 
crystal phase identification crystallite size by using the X-ray diffraction (XRD) using 
a CuKα radiation with λ=0.154060 nm (Bruker D2, Germany). In the X-ray diffraction 
(XRD), a collimated beam of X-rays is incident on a specimen and is diffracted by the 
crystalline phases in the specimen according to Bragg’s law 
 
                               λθ nd =sin2                                                       (3.1) 
 
where d is the spacing between atomic planes in the crystal phase, n  is an integer, 
λ is the wavelength of the X-ray radiation, and θ  is the angle of incident beam made 
with the crystal plane. Bragg’s Law can be simply obtained by calculating the path 
differences between the two beams in Figure 3.3. The path difference depends on 
incident angle (θ ) and spacing between the parallel crystal planes. In the order to 
keep these beams in phase, their path difference ( θsin2dQTSQ =+ ) has to equal 













Figure 3.3 Bragg diffraction by crystal planes. The path difference between beams 
1 and 2 is θsin2PQQTSQ =+  (Leng, 2008). 
 
The intensity of the diffracted X-ray is measured as a function of the 
diffraction angle θ2  and orientation of a specimen. In this thesis, the XRD pattern 
were recorded within a 5°-80° angle range of 2θ; the scan step was 0.02°/s. The 
crystalline phase identification was carried out by comparison with the Jiont 
Committee on Powder Diffraction Standards (JCPDS) diffraction files. The Rietveld 
refinement of X-ray diffraction pattern for TNTs at room temperature was performed 
using XʹPert Plus program to determine the average crystallite size in this thesis.  
 The estimated crystalline size of the samples were calculated from X-ray line 
broadening of the diffraction peak at 2θ: 5°- 55° by using Scherrer’s equation as given 
by  
 















where K is a constant depending on the XRD equipment and has been determined to 
vary between 0.89-1.39, but is usually taken as close to unity. For this study, K =0.90, 
λ  is the wavelength of the X-ray radiation, and θ  is the diffraction angle, and β is 
the full-width at haft maximum of XRD peak. 
 
 
Figure 3.4 X-ray diffractometer (XRD; Bruker D2, Germany, SUT). 
 
3.2.2  Scanning electron microscopy (SEM) 
  The scanning electron microscopy is a type of electron microscopy 
that images the sample surface by scanning it with a high-energy beam of electrons. 
The SEM image of the sample can be obtained by interaction between the electrons 
and the atoms in the sample producing signals that can be detected and that contain 
information about the sample's surface morphology, grain shape, porous and 











by a field emission source are accelerated in a field gradient. The beam passes 
through electromagnetic lenses, focusing onto the specimen. As a result of this 
bombardment different types of electrons are emitted from the specimen. This signal 
electrons emitted from the specimen are collected by a detector and amplified. A 
detector catches the secondary electrons and an image of the sample surface is 
constructed by comparing the intensity of these secondary electrons to the scanning 
primary electron beam. Finally the image is displayed on a screen (as shown in Figure 
3.5).   
In this work, the morphologies of samples were obtained using 
scanning electron microscope LEO 1450VP (LEO, U.K.).     
 













Figure 3.6 Scanning Electron Microscope LEO 1450VP at Khon Kaen University. 
. 
 3.2.3 Transmission electron microscopy (TEM) 
  Transmission electron microscopy (TEM) is an electron microscopy 
technique used to examine the powder structure, phase composition or properties in 
submicroscopic detail. In this technique, a beam of electrons is transmitted through an 
ultra-thin specimen, interacting with the specimen as it passes through. An image is 
formed from the interaction of the electrons transmitted through the specimen; the 
image is magnified and focused onto an imaging device, such as a fluorescent screen, 
on a layer of photographic film, or to be detected by a sensor such as a CCD camera. 
 A diffraction pattern is formed on the back focal plane of the objective 
lens when and electron beam passes through a crystalline specimen in a TEM. In the 











on the screen or recorded by a camera. The diffraction angle in the TEM is very small 
(commonly θ < 1°), because the reflecting lattice planes are nearly parallel to the 
primary beam. Using the approximation sine θ ≈ θ for a small angle, we can rewrite 
Bragg’s Law as the following.  
 
                                                         θλ d2=                                                            (3.3)                                                             
     
                                                          RdL =λ                                                           (3.4) 
 
where L is the camera length of a TEM, the distance between the crystal and 
photographic plate of camera. L is an equivalent camera length for calculating the 
spacing of the lattice plane. λL is called as the camera constant of the TEM. Eq. (3.4) 
is the basic equation for electron diffraction in a TEM. We can calculate the spacing 
of crystallographic planes by measuring R (the distance from the central spot of the 
transmitted beam to diffraction spot) in photographic film using Eq. (3.4) L can be 
changed in a TEM.    
 In this work, the TNTs-based samples were dispersed in ethanol and 
sonicated for 15 min. A few drops of suspension were placed onto a carbon coated 
copper gride. TEM also provided selected area electron diffraction (SAED) patterns 
of the samples, which were used to compliment XRD results.    
 
 3.2.4 Energy dispersive X-ray spectroscopy (EDS) 
  Energy dispersive X-ray spectroscopy (EDS) is an analytical technique 











an interaction of some source of X-ray excitation and a sample. Its characterization 
capabilities are due in large part to the fundamental principle that each element has a 
unique atomic structure allowing unique set of peaks on its X-ray spectrum. The 
number and energy of the X-rays emitted from a specimen can be measured by an 
energy-dispersive spectrometer. As the energy of the X-rays is characteristic of the 
difference in energy between the two shells, and of the atomic structure of the element 
from which they were emitted, this allows the elemental composition of the specimen 
to be measured. 
 In this research, the composition of all samples was characterized by 
TEM-based EDS. As a result, the chemical compositions in the sample can be 
determined. 
 
 3.2.5 Thermal gravimetric analysis (TGA)    
  Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a 
method of thermal analysis in which changes in physical and chemical properties of 
materials are measured as a function of increasing temperature. TGA is generally used 
to determine selected characteristics of materials that exhibit either mass loss or gain 
due to decomposition, oxidation, or loss of volatiles (such as moisture).  
  Thermal analysis of the undoped TNTs was investigated by 
thermogravimetric analysis (TGA) using a SDT 2960 simultaneous DSC-TGA which 
was performed at a heating rate of 10 °C/min from room temperature to 800 °C in N2 













 3.2.6 Fourier transform infrared spectroscopy (FTIR) 
  Fourier transform infrared spectroscopy (FTIR) is the most widely 
used vibrational spectroscopic technique. FTIR is an infrared spectroscopy in which 
the Fourier transform method is used to obtain an infrared spectrum in the whole 
range of wavenumbers simultaneously. It differs from the dispersive method, which 
entails creating a spectrum by collecting signals at each wavenumber separately.  
 The key component in the FTIR system is the Michelson 
interferometer, as schematically illustrated in Figure 3.7. The infrared radiation from a 
source enters the Michelson interferometer. The interferometer is composed of one 
beam-splitter and two mirrors. The beam-splitter transmits of the infrared (IR) beam 
from the source and reflects the other haft. The two split beams strike a fixed mirror 
and moving mirror, respectively. After reflecting from the mirrors, the two split 
beams combine at the beam splitter again in order the irradiation the sample before 
the beam are received by the detector. 
 












 In this work, the transmittance examination technique refers to the 
method of obtaining an infrared spectrum by passing an IR beam through a sample. 
Fourier transform infrared (FTIR) spectra of the prepared TNTs-based samples were 
measured using a Bruker Vertex 70 spectrophotometer. The prepared TNTs-based 
samples were mixed KBr with grinding together to obtain powder particles with size 
less than 2 μm.  Then, the powder mixture were collected into a mould and pressed 
with a pressure of 1 MPa. The product was placed onto a holder sample. FTIR spectra 
were recorded in the 4,000-400 cm-1 range. 
 
 3.2.7 UV˗Vis scanning spectroscopy (UV-Vis)  
  UV-Vis or UV/Vis refers to absorption spectroscopy or reflectance 
spectroscopy in the ultraviolet-visible spectral region. This means it uses light in the 
visible and adjacent (near-UV and near-infrared [NIR]) ranges. The absorption or 
reflectance in the visible range directly affects the perceived color of the chemicals 
involved. This technique is complementary to fluorescence spectroscopy, in 
that fluorescence deals with transitions from the excited state to the ground state, 
while absorption measures transitions from the ground state to the excited state.  
 In this work, the sample was investigated by absorption spectra 
technique. The optical behavior of the TNTs-based samples is quite similar to that of 
mesostructured titanium dioxide. The absorption coefficient, α′of the samples can be 
calculate from transmittance, T ′ : 
 















where L is the film thickness (or the length of the nanotubes). The absorption 
coefficient depends on the energy of the incident light ( νPh ) as follows: 
 







EhA )( −′=′                                            (3.6) 
 
where GE is the semiconductor band gap, A′  is the proportionality coefficient, n  is a 
number (which is equal to 1/2, 2, 3/2 or 3 for allowed direct, allowed indirect, 
forbidden direct or forbidden indirect ). TiO2 nanotubes have allowed indirect optical 
transition and the Tauc plot in 5.0)( να Ph  vs. hv coordinates allow us to estimate the 
optical band gap by dropping a line from the maximum slope of the curve to the x-
axis. Room temperature absorption spectra were recorded using a UV˗Vis-NIR 
scanning spectroscopy (UV-3101PC, Shimadzu). 
 
   3.2.8 X-ray photoelectron spectroscopy (XPS)  
X-ray photoelectron spectroscopy (XPS), also known as electron 
spectroscopy for chemical analysis (ESCA), is a widely used technique for the 
structural study of solid surfaces allowing determination of the elementar composition 
of a material (there are also XPS instruments capable of analyzing both liquids and 
solids). The theoretical foundation of XPS is based on the equation proposed by 
Einstein to explain the photoelectric effect:  












where νh  is the quantum energy, Eb the binding energy of the electron in matter (i.e. 
energy required to remove an electron) and Ekin the kinetic energy of the ejected 
electron. XPS can be described as a technique for the measurement of the kinetic 
energy of the inner or valence electron ejected by an incident X-ray photon of known 
energy ( νh ). Knowing these values it is possible to calculate the binding energy (Eb), 
which is characteristic of the chemical bonds in a compound. Electron binding 
energies are also affected by the chemical environment of the ion, making XPS useful 
to identify not only the ion, but also its oxidation state. As shown in Figure 3.8, when 
considering the kinetic energy of an ejected electron the combined 
spectrometer/sample work function ( spφ ) should be taken into account. This working 
function is an instrument dependent factor (normally derived as part of a calibration 
procedure) and defines the minimum amount of energy needed to move an electron 
from the Fermi energy level (at which Ekin =0) into vacuum. Therefore, Eq. (3.7) can 
be rewritten as Eq. 3.8, which defines the kinetic energy measured by the analyser: 
 
 
                   spbkin EhE φν −−=                                                   (3.8) 
 
The escape depth of ejected electrons is < 5-10 nm and XPS can be 
considered as a surface analysis technique, although depth profiling analysis (measure 
of the elemental composition as a function of depth) of a material is also feasible by 
ion beam etching, or by tilting the specimen (angle resolved XPS). 
In order to prepare TNTs-based samples for the XPS measurements, a 











to give pellets with diameter of 0.6 mm and thickness of about 0.1-0.3 mm. In this 
work, the X-ray photoelectron spectroscopy (XPS: AXIS LUTRADLD, Kratos 
analytical, Manchester, U. K.) was also performed to determine the percentage of 
oxygen deficient regions and valence state of Fe, Co, Ti, and Na in the TNTs-based 
samples. All binding energies have been corrected for the charging effect with 













Figure 3.8 The kinetic energy of the core electron ejected following interaction 
with an X-ray beam depends on the energy of the X-ray beam, the 
binding energy of the electron and the work function of the 













 3.2.9 X-ray absorption near-edge spectroscopy (XANES)  
  X-ray Absorption Spectroscopy (XAS) is the measurement of 
transitions from core electronic state of the metal to the excited electronic states and 
the continuum.  It is broken into 2 regimes consist of X-ray absorption near-edge 
spectroscopy (XANES) and extended X-ray absorption fine-structure (EXAFS), 
which contain related but slightly different information about an element’s local 
coordination and chemical state. An x-ray is absorbed by an atom when the energy of 
the X-ray is transferred to a core-level electron (K, L, or M shell) which is ejected 
from the atom. The atom is left in an excited state with an empty electronic level (a 
core hole). Any excess energy from the X-ray is given to the ejected photo-electron 
(Figure 3.9(a)). XAS measures the energy dependence of the X-ray absorption 
coefficient μ(E) at and above the absorption edge of a selected element. μ(E) can be 
measured two ways. First way is Transmission mode (see Eq. (3.9)). The absorption is 
measured directly by measuring what is transmitted through the sample. Second way 
is Fluorescence mode (see Eq. (3.10)). The re-filling the deep core hole is detected. 
Typically the fluorescent X-ray is measured (Figure 3.9(b)).               
                                                                                                                                                                
                                                     )0/ln()( IItE −=µ               (3.9) 
 
                                                               0/)( IfIE αµ                                                             (3.10) 
 
where I0 is the X-ray intensity hitting, I is the intensity transmitted, µ(E) is absorption 
coefficient, and t is a material of thickness. The Ti K-edge and Fe and Co K edge were 












Laboratory (Synchrotron Light Research Institute (Public Organization), SLRI) in 





Figure 3.9 (a) Schematic diagram of the XAS (b) Schematic measured of the 
XANES (Newville, 2008). 
 
 3.2.10 Vibrating sample magnetometer (VSM) 
  A vibrating sample magnetrometer is an instrument used for measuring  
the magnetic behavior of magnetic materials. The VSM technique gives the 
magnetization (M) value at different magnetic field (H) providing a M-H hysteresis 
curve. The VSM works on Faraday’s law of induction. A VSM operates by first 
placing the sample to be the studied in a constant magnetic field. If the sample is 
magnetic, this constant magnetic field will magnetize the sample by aligning the 
magnetic domains, or the individual magnetic spins, with the field. The stronger the 
constant field, the larger the magnetization will be. The magnetic dipole moment of 
the sample will create a magnetic field around the sample, sometimes called the 
magnetic stray field. As the sample is moved up and down, this magnetic stray field is 











to Faraday’ s law of induction. This current will be proportional to the magnetization 
of the sample.    
 In order to prepare TNTs-based samples for the VSM measurements, a 
powder of sample was weighed and transferred into a small sample holder. In this 
study, a vibrating sample megnetrometer (VSM 7403, Lake Shore, USA) was used to 
measure the magnetic properties of the TNTs-based samples at room temperature by 











Figure 3.10 Schematic diagram of the vibrating sample magnetrometer (VSM) 
(https://en.wikipedia.org/wiki/Vibrating_ sample_magnetometer).  
 
3.3 Electrical properties measurement 
 3.3.1 Dielectric properties measurement 
  The TNTs-based samples were collected into a mould and pressed with 











1.3 mm. For the dielectric and related electrical measurements, the both sides of the 
pellets were coated with silver pain-based conductive electrodes and then dried at 70 
°C for 5 min. The dielectric and electrical response of the samples were measured 
using Agilent 4294A Precision impedance analyzer over a wide range of frequency 
(102˗106 Hz) and temperature (-50 to 180 °C) at oscillation voltage of 0.5 V. Each 
measuring was kept constant with an accuracy of ±1 °C.  
  In addition, the dielectric properties of undoped TNTs and TM-doped 
TNTs samples were investigated as a function of dc bias under 0, 2.5, 5, 7.5 and 10 V 
at over a wide range of frequency (102˗106 Hz) and room temperature.  
  The flowchart diagram showing the measurement procedure of bulk 
samples was illustrated in Figure 3.12. From the measurements, the value of Cp and 
tanδ at various frequency and temperature were obtained. The dielectric constant (ε ′ ) 
and dielectric loss (ε ′′ ) of the samples were calculated from the relations: 
  






ε =′             (3.11) 
 





=                                                     (3.12) 
where pC is the measured capacitance (Farad, F), 0ε  is the permittivity of free space 
(8.854×10-12 F/m), A  is the electrode area (m2), and d is the thickness of the sample 













                                                 εεε ′′−′= j*                                                           (3.13) 
 
 In this thesis, the impedance spectroscopy has been used for probing the 
relaxation processes during the charge transport within the electronic ceramics. The 
impedance, ,*Z  is given by: 
 




Z =                                                          (3.12) 
 












Figure 3.11 Agilent 4294A Precision impedance analyzer at National Metal and 






























   
 
 
Figure 3.12 Schematic diagram of measuring dielectric parameters of the bulk 
TNTs-based samples using Agilent 4294A Precision impedance 
analyzer (MTEC). 
Agilent 4294A Precision LCR Meter applies voltage V* to 
TNTs-based samples 
Agilent 4294A Precision LCR Meter 
measures current charge I* 
Agilent 4294A Precision LCR Meter 
calculates Z* from the equation 
Z* = V*/ I* = R+jX 
 
Agilent 4294A Precision LCR Meter calculates 
Cp and D (tanδ) from the equations 
 Cp = B / ω  
D = G / |B| 
 
Agilent 4294A Precision LCR Meter expresses the measured 
data as a function frequency on its monitor and these data     
were collected by computer program 
The values of Cp and D obtained from the collected data were 
used to calculate the values of ε ′  and ε ′′ from the equations 











 3.3.2 Non-linear properties measurment 
  The current voltage (I-V or J-E) characteristic were measured atvarious 
temperatures by using a high voltage measurement unit (Keithley Model 247). The 
two most important parameters related to the non-Ohmic properties, i.e., nonlinear 
coefficient (α) and breakdown field (Eb), of the bulk TNTs sample can be calculated 
from these curves. The breakdown electric field (Eb) was obtained at J = 1 mA cm-2. 
The non linear coefficient (α) values were calculated over the range of J = 1-10 mA 
cm-2. The non linear coefficient (α) values were calculated from the following formula 
(Xue et al., 2015; Thongbai et al., 2012): 
 







=α                       (3.13)                                                   
 
where E1 and E2 are the voltage at current values of J1 = 1 mA and J2 = 1 mA, 
respectively.  
  The electric conduction in the pre-breakdown region is dominated by 
thermionic emission of Schottky type. The emission is related to electric field and 
temperature. Therefore, the electric current density (J) and electric field (E) will 


















lnln β            (3.14)  
 














BΦ−= 20 lnln             (3.15) 
 
where ΦB is the Schottky potential-energy barrier height, A is the Richardson’s 
constant, kB  is the Boltzmann constant, T is the temperature (K), and β is a constant 
related to the potential barrier width. Values of lnJ0 at various temperature were 
calculated from the plots of lnJ versus E1/2 by linearly fitting data at E = 0. J0 is the 























Figure 3.13 High voltage measurement unit (Keithley Model 247) at National 


























RESULTS AND DISCUSSION 
 
This chapter presents the experimental results and discussion for TNTs and 
Fe/Co doped-TNTs samples which consist of two parts. The first part is the 
characterization of the hydrothermal prepared TNTs and TM-doped TNTs using 
XRD, TEM, HRTEM, FTIR, UV-Vis, VSM, XPS and XANES. The second part 
describes the dielectric and electrical properties of the bulk samples. To understand 
the physical nature of the observed dielectric and electrical results in the TNTs 
samples, several dielectric and electrical models are used to explain the dielectric 
relaxation behavior. In addition, the effect of TM-doping on the dielectric and 
electrical properties of TNTs have been also investigated. Finally, the origin of the 
dielectric behavior of the TNTs and TM-doped TNTs sample are discussed. 
 
4.1 The phase formation of the TNTs and Fe/Co-doped TNTs 
The structure and phase composition of the samples were investigated by 
XRD measurements. Figure 4.1 shows the XRD patterns of the undoped TNTs and 
Fe/Co-doped TNTs prepared by hydrothermal at 130 °C for 24 h. The diffraction 
peaks of all sample corresponding (001), (110), (310), (203), (11 3 ) and (114) of the 
standard data (JCPDS: 4705-61; trititanate (A2Ti3O7, A= Na or H) (Hu et al., 2009). 
No possible impurity phases such as TiO2, FeO, Fe2O3, Fe3O4, Co, CoO or Co3O4 












The average crystallite size (D) of all the samples was determined by the 






=D                                                 (4.1) 
 
where λ is the wave length of X-ray (0.154 nm), θ is the Bragg angle of X-ray 
diffractions, β is the FWHM (full width at haft maximum) for the corresponding peak. 
The average crystallite sizes were calculated from (001), (110), (130) and (114) 
planes as shown in Table 4.1. For Fe-doped TNTs, as the dopant concentration was 
increased, the peak intensity decreased. This is possibly due to replacement of the 
smaller Ti4+ ions (0.68 Ǻ) by  Fe3+ ions (0.64 Ǻ) or Fe2+ ions (0.82 Ǻ) or Co2+ ions  
(0.82 Ǻ) or Co2+ ions (0.61 Ǻ) into the TNTs lattice (Yuan et al., 2013). It is known 
that Fe3+ (0.64 Ǻ) and Ti4+ (0.68 Ǻ) have almost similar ionic radius. Therefore, it was 
possible that Fe3+ could diffuse through 0.77 Ǻ channels along the c-axis to substitute 
Ti4+ in the TNTs lattice (Pang and Abdullah, 2012). Consequently, crystal lattice 
deformation occurred which resulted in a decrease in the crystallite size as suggested 


















Table 4.1 Summary of crystallite size of undoped and Fe/Co-doped TNTs 
prepared by hydrothermal method at 130 °C for 24 h. 
Doping 
level 
Crystallite size (nm) 
Fe doping Co doping 
x=0 19.93±0.927 19.93±0.927 
x=0.05 17.13±0.404 18.68±0.467 
x=0.1 15.40±0.504 23.25±0.124 
x=0.2 19.30±0.135 19.94±0.595 
x=0.3 14.33±0.092 25.20±0.790 















































































































































Figure 4.1 XRD patterns of Na0.96H1.04Ti3O7·nH2O and A2 (Ti3-xCox)/ A2 (Ti3-
xCox) O7·nH2O (A2=Na0.036 H1.964) powders with different 
concentration of (a) Fe-doped TNTs and (b) Co-doped TNTs prepared at 














4.2 The morphologies formations of undoped TNTs and Fe/Co-
doped TNTs 
The morphology and microstructure of undoped TNTs and Fe/Co-doped TNTs 
are investigated by transmission electron microscopy (TEM), High resolution TEM 
(HRTEM), selected area electron diffraction (SAED) and energy dispersive X-ray 
spectroscopy (EDX). Figures 4.2(a) - 4.12(a) shows the TEM bright file images of the 
prepared samples. It was revealed that all the samples compose of uniform nanotubes 
long cylinders having a hollow cavity positioned at their centre and lying along their 
length. The diameters of the nanotubes are of about 7-15 nm with lengths of several 
hundreds of nanometer or micrometer in scales. The wall involves multilayer about 3-
4 layers. HRTEM micrographs present the distances between layers ~ 0.782-0.788 
nm. In addition some nanotubes have solid nanowires inside the tubes; the diameter of 
these nanowires is approximately 0.37 nm. The unequal wall number on different 
sides of undoped TNTs and TM-doped TNTs concluded that they were formed 
through scrolling up the single layer sheet. These are good agreement with the 
standard data (JCPDS: 4705-61). The SAED patterns in Figures 4.2(c)-4.12(c) show 
spotty ring patterns, revealing their H2Ti3O7 structure. These are consistent with 
those of (110), (003), (202) and (114) planes of XRD results. Moreover the chemical 
compositions of all the samples were characterized by an energy dispersive X-ray 
(EDX) spectroscopy. It was observed that the undoped TNTs sample consisted of Na, 
O and Ti as shown in Figure 4.2(d), for TM-doped TNTs samples consisted of Na, O, 
Ti, Co (Co-doped TNTs) and Fe (Fe-doped TNTs)(see in Figures 4.3(d)-4.12(d)). 





































 Figure 4.2 TEM images of undoped powder (a) bright-field images (b) lattice 
fringes from HRTEM (c) SAED patterns and (d) EDS spectrum of TNTs 































Figure 4.3 TEM images of Fe-doped TNTs (x=0.05) powder (a) bright-field images 
(b) lattice fringes from HRTEM (c) SAED patterns and (d) EDS 

































Figure 4.4 TEM images of Fe-doped TNTs (x=0.1) powder (a) bright-field images 
(b) lattice fringes from HRTEM (c) SAED patterns and (d) EDS 












d=0.782 nm 20 nm 


















Figure 4.5 TEM images of Fe-doped TNTs (x=0.2) powder (a) bright-field images 
(b) lattice fringes from HRTEM (c) SAED patterns and (d) EDS 

































Figure 4.6 TEM images of Fe-doped TNTs (x=0.3) powder (a) bright-field images 
(b) lattice fringes from HRTEM (c) SAED patterns and (d) EDS 






























Figure 4.7 TEM images of Fe-doped TNTs (x=0.4) powder (a) bright-field images 
(b) lattice fringes from HRTEM (c) SAED patterns and (d) EDS 



































Figure 4.8 TEM images of Co-doped TNTs (x=0.05) powder (a) bright-field images 
(b) lattice fringes from HRTEM (c) SAED patterns and (d) EDS 


































Figure 4.9 TEM images of Co-doped TNTs (x=0.1) powder (a) bright-field images 
(b) lattice fringes from HRTEM (c) SAED patterns and (d) EDS 



































Figure 4.10 TEM images of Co-doped TNTs (x=0.2) powder (a) bright-field images 
(b) lattice fringes from HRTEM (c) SAED patterns and (d) EDS 






































Figure 4.11 TEM images of Co-doped TNTs (x=0.3) powder (a) bright-field images 
(b) lattice fringes from HRTEM (c) SAED patterns and (d) EDS 



































Figure 4.12 TEM images of Co-doped TNTs (x=0.4) powder (a) bright-field images 
(b) lattice fringes from HRTEM (c) SAED patterns and (d) EDS 












Table 4.2 Summary of diameter size and the d spacing of undoped TNTs and Fe/ 
Co-doped TNTs prepared by hydrothermal method at 130 °C for 24 h. 
Doping 
Level 
Diameter size (nm) d distances between layers 
(nm) 
Fe doping Co doping Fe doping Co doping 
x=0 10.0±1.283 10.0±1.283 0.788 0.788 
x=0.05 9.3±0.770 10.6±1.411 0.785 0.785 
x=0.1 9.7±0.989 9.3±0.809 0.787 0.782 
x=0.2 9.0±0.722 11.1±1.148 0.782 0.787 
x=0.3 9.0±0.634 10.9±0.645 0.787 0.785 
x=0.4 10.1±0.714 10.4±0.937 0.786 0.782 
 
 
4.3 Thermal decomposition analysis of undoped TNTs 
  Thermal behavior of undoped TNTs sample was obtained by TG-DTA 
analysis. As indicated in Figure 4.13, when the temperature increased to 800 °C, 
undoped TNTs presented a total mass loss of 10.7 %, which the endothermic peak 
around 93 °C. This result is related to the losses of moisture and water within the 
TNTs. These weight loss and exothermic process that occur in the temperature range 
of 25 to 450 °C, are usually associated with the removal water.  These observations 
confirm that the large amount of water molecules for undoped TNTs within the 
nanotubes. Therefore, majority of water molecules may form water nanotubes 























































Figure 4.13 TG-DTA data of undoped TNTs prepared by hydrothermal method at 
130 °C for 24 h. 
 
4.4 The chemical state or electronic state of undoped TNTs and 
Fe/Co-doped TNTs 
The chemical state or electronic state of the sample by using X-ray 
photoelectron spectroscopy (XPS). Figure 4.14(a) shows a typical XPS spectrum of 
TNTs prepared at 130 °C for 24 h. The spectrum shows the region of the Ti 2p 
signals. The peak at a binding energy of 458.29 eV and 464 eV can be attributed to 
the Ti4+ 2p3/2 state and Ti4+ 2p1/2, respectively. The nature of oxygen states in TNTs 
as shown in Figure 4.14(b). The spectra O 1s signals can be observed four peaks at 
529.84, 531.33, 532.87 and 534.98 eV.  
After the hydrothermal reactions, chemical compositions of undoped and 












Tables 4.3 and 4.4. The data in Tables 4.3 and 4.4 indicates that all the samples are 
composed of Ti, Na, O, Co and Fe demonstrating an increase in actual Fe or Co 
concentration with the increase of nominal Fe or Co doping in TNTs. All binding 
energies have been corrected for the charging effect with reference to the C 1s line at 
285 eV. The spectra show the region of Ti 2p signals [see in Figures 4.15(a) and 
4.18(a)], the peak of Ti 2p3/2, Na 1s and  O 1s appeared at 458.28-458.83 eV is 
oxidation state of Ti4+, 1071.21-1071.72 eV, 529.84-530.39 eV (as shown in the 
Tables 4.3 and 4.4), respectively. The Ti 2p, Na 1s and O 1s binding energy of Fe-
doped TNTs shift to higher energies. The spectra O 1s for x = 0.05 in Figures 4.16(d) 
and 4.19(d) can be consistently fitted by three nearly Gussian curve centers at about 
530.14, 531.67 and 532.80 eV. The low binding energy centered at 530.14 eV is 
corresponding to Ti˗O group on the structure of Fe/Co-doped TNTs. The medium 
binding energy located at 531.67 eV is attributed to O2- ions in the oxygen deficient 
regions with in matrix of Fe/Co-doped TNTs. These results suggested that there are 
some oxygen vacancies in the nanotubes. The high binding energy located at 532.80 
eV is attributed to ˗OH group. It is particularly interesting that the O 1s spectra of Fe-
doped TNT have a small binding energy shift compared with that of undoped TNT. 
The results can be explained to an increase in the ionic state of the oxygen bond 
causing the binding energies of all electronic state of oxygen to shift. 
The XPS spectra for irons species intercalated in to TNTs layer are shown in 
Figure 6. This peak shows that Fe existed in the Fe3+ and Fe2+. For low Fe doping at x 
= 0.05 and 0.1 were expect responsible for the weak signals. The spectra Fe 2p3/2 of 
Fe-doped TNT in Figures 4.17(c)-(d) can be consistently fitted by three nearly 












The shift in binding energy possible to that in Fe2O3 (710.8 eV) or FeO (709.4 eV) 
(Ram et al., 2007) indicates the successful incorporation of Fe3+ or Fe2+ in the TNT 
lattice to form Ti–O–Fe bonds (Yuan et al., 2013; Hung et al., 2008). These the 
results indicate that Fe-doped TNTs samples are associated with of the mixture of Fe 
ions state (Fe3+ and Fe2+). 
The XPS spectra of Co 2p regions presented in Figure 4.20 show that all 
samples have four peaks: 2p3/2, 2p1/2 doublet. The obtained binding energies for Co 
2p3/2(781.9 eV) and 2p1/2 (797.4 eV) are similar those reported for Co2+ ions in Co-O 
bonding with an energy difference between Co 2p3/2 and Co of 2p1/2 of 15.5 ± 0.1 eV 
(Shah et al., 2009). The binding energies for Co 2p3/2 and Co of 2p1/2 are observed at 
781.9 and 797 eV (x = 0.3). This indicates that the cobalt in Co-doped TNTs is 
present in Co2+ or Co3+ oxidation state. The XPS analysis thus implies that cobalt in 
the sample is in oxidized state and not in the form of cobalt metal. This was further 





















Table 4.3 Summary of The binding energy and a atomic percentages of Fe 2p, 
energy shift and atomic percentages of Ti 2p, Na 1s and O 1s calculated 
by XPS spectra of undoped TNTs and Fe-doped TNTs. 
Samples Binding energy 








Fe3+ Fe2+ O 1s Ti 2p Na 1s 
x = 0 - - - - 50.98 14.22 17.44 
x = 0.05 - - 0.36 - 52.43 18.73 10.14 
x = 0.1 - - 0.66 - 53.13 19.00 10.36 
x = 0.2 711.16 708.94 2.53 2.2 52.76 18.97 12.15 
x = 0.3 711.27 709.27 2.61 2.0 53.38 18.76 11.88 



























Table 4.4 Summary of The binding energy and a atomic percentages of Co 2p, 
energy shift and atomic percentages of Ti 2p, Na 1s and O 1s calculated 
by XPS spectra of undoped TNTs and Co-doped TNTs. 
Samples Binding energy 








Co3+ Co2+ O 1s Ti 2p Na 1s 
x = 0 - - - - 50.98 14.22 17.44 
x = 0.05 - - - - 55.64 18.10 13.89 
x = 0.1 780.6 782.3 0.93 1.7 52.86 20.17 15.30 
x = 0.2 780.5 782.2 2.01 1.7 51.77 17.36 16.91 
x = 0.3 780.3 781.9 2.48 1.6 51.51 17.86 16.75 
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Figure 4.15 XPS integral spectra of undoped TNTs and Fe-doped TNTs samples 
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Figure 4.16 XPS integral spectra of undoped TNTs and Fe-doped TNTs samples 























































































Figure 4.17 Fe 2p X-ray photoelectron spectra (XPS) of Fe-doped TNTs samples 
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Figure 4.18 XPS integral spectra of undoped TNTs and Co-doped TNTs samples 
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Figure 4.19 XPS integral spectra of undoped TNTs and Co-doped TNTs samples 





























































































Figure 4.20 Co 2p X-ray photoelectron spectra (XPS) of Co-doped TNTs samples 













4.5 Oxidation state of undoped TNTs and Fe/Co-doped TNTs 
studied by XANES 
X- ray Absorption Near-Edge structure (XANES) spectra of TM-doped TNTs  
samples at the Ti (4966 eV), Fe (7112 eV) and Co (7709 eV) K-egde were measured 
at room temperature to study the valence states of the Ti, Fe and Co ions in the 
structure of undoped TNTs and TM-doped TNTs samples. The normalized absorption 
Ti K-egde, Fe K-egde and Co K-egde of XANES spectra for undoped TNTs and TM-
doped TNTs samples compared with those of reference materials for Ti, Fe and Co 
are presented in Figures 4.21-4.22. In order to determine the Ti oxidation state of all 
the samples, standard powder of TiO was used as references for oxidation state of Ti2+ 
and TiO2 was used as reference for oxidation state of Ti4+. For the classical doping, 
FeO was used as references for oxidation state of Fe2+ while Fe2O3 and Fe3O4 was 
used as references for oxidation state of Fe3+, 2+ (mix between Fe2+ and Fe3+) and Fe4+, 
respectively. In case of Co oxidation state, CoO and Co3O4 was used as references for 
oxidation state of Co2+ and Co3+, 2+, respectively. The XANES spectra at Ti K-egde of 
composite samples exhibit the Ti4+ valence and the absorption edge and edge shift are 
shown in Table 4.5. Figure 22(a) shows the XANES spectra on Fe K-edge of 
investigated samples. The feature of XANES spectra of Fe-doped TNTs samples at Fe 
K-edge look very similar to the XANES spectra of Fe2O3 as references for oxidation 
state of Fe3+. However, the feature of XANES spectra of Fe-doped TNTs at x = 0.05 
at Fe K-edge look like to the XANES spectra of FeO as references for oxidation state 
of Fe2+. The absorption edge position and edge shift are summarized in Table 4.6. The 
features of XANES spectra of Co-doped TNTs samples at Co K-edge look very 












with respect to the edge position of CoO as references for oxidation state of Co2+ and 
the absorption edge and edge shift are presented in Table 4.7. The effect of Fe and Co 
state to electrical properties of Fe/Co-doped TNTs will be discussed in section 4.8.  
 
Table 4.5 Absorption edge and oxidation state at Ti K-edge of Fe-doped TNTs 
samples at room temperature. 
Sample Absorption edge 
at Ti (eV) 
Edge shift 
at Ti (eV) 
Valence state 
at Ti 
TiO 4975.44 - 2+ 
TiO2-anatase 4983.52 0 4+ 
TiO2-rutile 4983.52 0 4+ 
x = 0.05 4983.32 0.2 4+ 
x = 0.1 4983.32 0.2 4+ 
x = 0.2 4983.32 0.2 4+ 
x = 0.3 4983.32 0.2 4+ 



















Table 4.6 Absorption edge and oxidation state at Fe K-edge of Fe-doped TNTs 
samples at room temperature. 
Sample Absorption edge 
at Fe (eV) 




FeO 7120.21 0 2+ 
Fe2O3 7126.31 6.10 3+ 
Fe3O4 7124.25 4.04 2+, 3+ 
x = 0.05 7121.60 1.39 2+ 
x = 0.1 7126.12 5.91 3+ 
x = 0.2 7125.47 5.26 3+ 
x = 0.3 7125.31 5.10 3+ 























Table 4.7 Absorption edge and oxidation state at Co K-edge of Co-doped TNTs 
samples at room temperature. 
Sample Absorption edge 
at Co (eV) 




CoO 7718.64 0 2+ 
Co3O4 7720.71 2.07 2+, 3+ 
x = 0.05 7718.67 0.03 2+ 
x = 0.1 7718.67 0.03 2+ 
x = 0.2 7719.70 1.06 2+ 
x = 0.3 7719.70 1.06 2+ 




































































(a) Fe-doped TNTs 



























Figure 4.21 XANES spectra at the Ti K-edge for TiO, TiO2 anatase, TiO2 rutile 




















































(a) Fe-doped TNTs 































igure 4.22 XANES spectra at the Fe K-edge and Co K-edge for FeO, Fe2O3, 
Fe3O4 CoO and Co3O4 standard, and XANES spectra of samples (a) 












4.6 The surface chemistry of TNTs and Fe/Co-doped TNTs  
The surface chemistry of TNTs and Fe/Co-doped TNTs were examined by 
FTIR. Figure 4.23 shows large amounts of adsorbed water and hydroxyl groups exist 
for TNTs and Fe/Co-doped TNTs. The presence of crystallographic water molecular 
in the sample is confirmed by appearance of a characteristic peak at 1630 cm-1 that 
can be assigned to the H˗O˗H deformation mode (δH˗O˗H). The broad intense band at 
3418 cm-1 and 3169 cm-1 can be attributed to surface OH stretching mode oscillations. 
As a result of the strong interaction between Ti ions and OH groups within the tubular 
structure, locate at 3169 cm-1 from Ti˗OH bonds is observed (Hu et al., 2009). At 
lower wavenumbers, all the samples exhibit three vibrations: The band near 470 cm-1 
is attributed to the Ti-O-Ti vibrations of the interconnected octahedral that are rigid 
units responsible for the formation of the tube wall; the band at 680 cm-1 is attributed 
to the vibrations of bridging oxygen atoms coordinated with Na ions polymerizing the 
Ti-O-Na clusters; and the band at 902 cm-1 is related with four coordinated Ti-O 























































































































4.7 The optical properties of undoped TNTs and Fe/Co-doped 
TNTs 
The UV-Vis absorption spectra of undoped TNTs and Fe/Co-doped TNTs are 
shown in Figure 4.22. All the samples were presented absorption at about 285 nm and 
the absorption edge in sample show red shift with increasing Fe/Co doping. For 
Fe/Co-doped TNT show extended absorption spectra into visible region in the rage of 
400-800 nm (Inturi et al., 2014). Moreover, red shift related with the presence of 
cobalt or iron ions can be attributed to a charge transfer transition between the cobalt 
or iron ions electrons and TNTs conduction or valence band (Yuan et al., 2013; Inturi 
et al., 2014; Zhu et al., 2004; Liang and Li, 2009). The TiO2 nanotubes reportedly 
have an indirect band gap (Eg). The following plot relation was used (Pang and 
Abdullah, 2012; Yuan et al., 2013): 
 
                                  ngEhvAhv )( −=α                                                  (4.2) 
 
Where α is the absorption coefficient, h is the Planck constant, v is the wavenumber, 
A is a constant and Eg is the energy band gap energy in with n = 1/2 for the direct 
band gap material and n = 2 for indirect band gap.  The Eg can be calculated from the 
plot of (αhv)1/2 vs. hν allowing us to estimate the optical band gab by dropping a line 
from the maximum slope of the curve to x-axis (see Figure 4.23). The estimate 
indirect band gaps of all the samples are shown in Table 4.5. Interestingly, we have 
observed that there is a decrease in the band gap with increasing Fe/Co content 












absorption spectra, compared to that of the undoped TNTs. The effect of doping on Eg 
is shown in Figure 4.24. The band edge absorption of nanometer-sized semiconductor 
materials is mainly related to two primary causes: quantum size effect (blueshift) and 
surface and interface effect or electronic structure (redshift) modifications. Generally, 
the quantum size effect led to the blueshift of Eg with decrease of particle size down 
to less than a few nanometers, while the surface and interface effect induces the 
redshift (Barreca et al., 2003). In our work since the crystallite size is in the range of 
13-26 nm, the difference the absorption band edge due to the quantum size effect is 
not observable. Obviously, the surface and interface effect should be responsible for 
the variation of the absorption band edge.  The slight red shift in band gap possibly 
due to Fe, Co doping induces band edge binding. The change in the energy band gaps 
of the samples is possible might be the sp-d exchange interactions between the band 
electron and localized d electron of the Fe3+, Co2+ ions substituting Ti ions.  The s-d 
and p-d exchange interactions give rise to negative correction and positive correction 
to the conduction-band and the valance band edges, leading to in a band gap 
norrowing (Noipa et al., 2014). These are similar to those of Fe-doped TiO2 
nanotubes reported in literatures (Yuan et al., 2013; Pang and Abdullah, 2012). Sun 
and Li (Sun and Li, 2003) have reported band gap values 3.1 eV for TNTs  prepared 
by hydrothermal method. Pang and Abdullah (2013) have reported indirect band gap 
values about 3.11 eV for udoped TNTs and ranging from to 2.60 eV to 2.83 eV for 
Fe-doped TNTs synthesized by hydrothermal method. Moreover, Yuan et al. (2013) 
have reported indirect band gap values ranging from 3.23eV to 3.26 eV for undoped 


















































































Figure 4.24 Room-temperature optical absorbance spectra of undoped TNTs and 
Fe/Co-doped TNTs prepared by hydrothermal method at 130 °C for 24 
h (a) Co-doped TNTs and (b) Fe-doped TNTs.  
 






























































































Figure 4.25 Plot of (αhν)1/2 as function of photon energy (hν) for undoped TNTs 
and Fe/Co -doped TNTs  prepared by hydrothermal method at 130 °C 





















































































Figure 4.26 The effect of Fe/Co-doping on the band gap energy (Eg) of (a) Fe-
doped TNTs and (b) Co-doped TNTs prepared by hydrothermal 












Table 4.8 Summary of indirect band gap energy (Eg) of undoped TNTs and TM-
doped TNTs prepared by hydrothermal method at 130 °C for 24 h. 
Doping 
level 
Eg (eV) of TM-doped TNTs 
Fe doping Co doping 
x=0 3.09 3.09 
x=0.05 2.80 2.88 
x=0.1 2.64 2.82 
x=0.2 2.07 2.81 
x=0.3 2.01 2.74 
X=0.4 1.98 2.51 
 
 
4.8 Magnetic properties of magnetic ions in Fe/Co-doped TNTs 
Figure 4.27 shows the field dependence of the specific magnetization (M-H 
curve) of undoped TNTs samples, obtained from VSM measurements at room 
temperature (RT). The undoped TNTs sample exhibits a diamagnetic behavior. 
The magnetization curves (M-H) of Fe/Co-doped TNTs obtained from VSM 
measurements at room temperature (RT) are shown in Figure 4.26. For Fe/Co-doped 
TNTs, the hysteresis loop is observed with S-shaped for x=0.05 (Fe-doped TNTs) and 
x=0.05-0.1 (Co-doped TNTs), which indicate the ferromagnetic (FM) behavior nature 
of the sample as shown in Figures 4.28(a) and (b), respectively. With higher 
concentration of Fe ions and Co ions, the magnetization of samples does not saturate 
even at the maximum field of 10 kOe corresponding to strong paramagnetic (PM) 
component of the samples. The observed paramagnetism in our samples may be 












observed in the XRD results. These result are similar those reported in Fe-doped ZnO 
nanoparticles (Kumar et al., 2014). As the result of Fe-doped TNTs at x = 0.05, the 
sample showed well RT-FM with magnetization (M) at 10 kOe of 0.0028 emu/g, and 
coercivity (HC) of approximately 1657 Oe. 
In this work, the XPS results show evidence of Fe2+, Fe3+ and Co2+substitution 
in Ti4+ sites, which can be attributed to oxygen vacancy (VO) in Fe-, and Co-doped 
TNT samples. Therefore, the RT-FM in this sample is suggested to the exchange 
interactions between spin of Fe3+ or Fe2+, Co2+ and VO on the surface of sample. This 
direct ferromagnetic coupling is called F-center exchange (FCE), as proposed by 
Coey et al.(Coey et al., 2010) It might be that VO can create magnetic moments on 
neighboring Fe-ions and Co-ions of Fe3+ ˗ ∇ ˗ Fe3+ or Fe2+ ˗ ∇ ˗ Fe2+or Co2+ ˗ ∇ ˗ Co2+ 
where ∇ denotes a VO. The RT-FM result showed similar result of work reported by 






















Table 4.9 Summary of magnetization (M) of undoped TNTs and Fe/Co-doped 




M at 10 kOe (emu/g) from VSM 
Fe doping Co doping 
x=0 - - 
x=0.05 0.0028 0.0060 
x=0.1 0.0150 0.0075 
x=0.2 0.0497 0.0127 
x=0.3 0.0771 0.0148 








































































Figure 4.27 M-H cures at 300 K obtained from VSM measurements of undoped 













































































 x = 0.05
 x = 0.1
 x = 0.2
 x = 0.3























 x = 0.05
 x = 0.1
 x = 0.2
 x = 0.3









































Figure 4.28 M-H cures at 300 K obtained from VSM measurements of undoped 
TNTs prepared by hydrothermal method at 130 °C for 24 h (a) Fe-










4.9  Dielectric properties of undoped TNTs and Fe/Co-doped TNTs 
 4.9.1 Temperature dependence of dielectric properties of the undoped 
TNTs and Fe/Co-doped TNTs 
Figures 4.29-4.31(a)-(b) show the temperature dependence of the 
dielectric constant (ε ′ ) and loss tangent (tanδ) between -50 °C to 200 °C at the 
frequency range of 102 to 106 Hz for undoped TNTs and Fe/Co-doped TNTs bulks 
prepared at 130 °C for 24 h. For the undoped TNTs as shown in Figure 4.29, at the 
frequency of 102 Hz, the dielectric constant tends to increases with increasing 
temperature. This dielectric behavior is caused by the dc conductivity, which is 
usually dependence on temperature (Wu et al., 2002). However, when the temperature 
higher than 40 °C, the ε ′  decreases with increasing temperatures. This is due to 
transformation from trititanate (H2Ti3O7) to TiO2-anatase phase. Figure 4.31(c)-(f) 
show the dielectric properties of Fe/Co-doped TNTs different concentrations of Fe 
and Co doping ions. All samples exhibit high dielectric constant values of about 104-
105 at 30 °C and 103 Hz. The dielectric constant (ε ′ ) tends to increase with increasing 
measured temperature. However, at the low temperature the charge carriers cannot 
orient themselves with respect to the direction of the applied field. As the temperature 
increases, the charge carriers get enough excitation thermal energy to change the 
polarization in the external field more easily leading to an increase of the dielectric 
constant (Bayoumi, 2007). Figures 4.31(c-f) show temperature dependence of 
dielectric constant (ε ′ ) and loss tangent (tanδ) between -50 °C to 200 °C over the 
frequency range of 102-106 Hz for undoped TNTs and Fe/Co-doped TNTs with 
different concentrations, when the temperature increased higher than Tεm (Tεm 











as shown in Table 4.7) the dielectric constant (ε ′ ) of all samples decreased. This 
observation might be a result from an effect of phase transformation of the Fe/Co-
doped TNTs-based compounds. The dielectric properties of all the samples decrease 
with increasing frequency because at the higher frequency the dipole does not follow 
the alternating field. With the frequency up to 105 Hz, the rapid decrease in the 
dielectric constant was observed at a low temperature range, corresponding to the 
existence of the loss tangent peak. Both rapid decreases in the dielectric constant and 
the relaxation peak of the loss tangent shifted to a higher temperature range with 
increasing frequency. This indicates the thermally activated mechanism of this 
dielectric relaxation process. 
  Figure 4.32(a) shows the SEM images of TNTs as–calcined and the 
calcined samples: Figures 4.32(b)–(e) are the samples calcined for 2 h at 80, 120, 160, 
and 200 °C, respectively. The SEM images show both nanotube-like structures and 
particles. The structure of nanotubes was destroyed and changed into particles with 
increasing temperature (see in Figures 4.32(b)–(f)). In the temperature range 25 to 200 
°C, desorption of water form nanotube pores result in the removal of crystallographic 
water from titanate nanotube.  This process is accompanied by decrease in intensity of 
trititanate (H2Ti3O7) (see in Figure 4.32(f)), due to the weight loss and shrinkage of 
the nanotube volume. According to TGA data, approximately 11-12 wt% of mass is 
loss during the dehydration of crystallographic water. At the temperatures above 80 
°C, the removal of the remaining water results in phase transformation of H2Ti3O7 to 
anatase-type TiO2. 
  Normally, water molecules belong to atypical polarized molecule. Hu 











high dielectric constant. Therefore, the change in dielectric properties of the bulk 
TNTs can be correlated to the changes in nanostructure dehydration and phase 
transformation. This can cause lower carrier mobility for the TNTs, leading to the 
decrease in dielectric constant (ε ′ ) and loss tangent (tan δ) of the TNTs.  
 
Table 4.10 Summary of T mε  correspond to the temperature at which the dielectric 
constant (ε ′ )  reaches the maximum at 103 Hz of undoped TNTs and 
Fe/Co-doped TNTs prepared by hydrothermal at 130 °C for 24 h. 
Doping  
level 
T mε  (°C) Dielectric constant (ε ′ ) 
Fe doping Co doping Fe doping Co doping 
x=0 30 30 55400 55400 
x=0.05 90 80 48300 29100 
x=0.1  90 80 41700 27800 
x=0.2 90 80 46100 33900 
x=0.3 90 90 49900 31600 


































































































































Figure 4.29 Temperature dependence of dielectric constant (ε ′ ) and loss tangent 
(tanδ) at the frequency range of 102-106 Hz of Fe-doped TNTs (a)-(b)  




































































































































Figure 4.29 Temperature dependence of dielectric constant (ε ′ ) and loss tangent 
(tanδ) at the frequency range of 102-106 Hz of Fe-doped TNTs (g)-(h)  

































































































































Figure 4.30 Temperature dependence of dielectric constant (ε ′ ) and loss tangent 
(tanδ) at the frequency range of 102-106 Hz of Co-doped TNTs (a)-(b)  
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Figure 4.31 Temperature dependence of dielectric constant (ε ′ ) and loss tangent 
(tanδ) at the frequency range of 102-106 Hz of (a)-(b) Co-doped TNTs 












     
     
 
 
Figure 4.32 SEM images of (a) undoped TNTs prepared at 130 °C for 24 h, and 
TNTs calcined for 2 h at (b) 80, (c) 120, (d) 160, (e) 200 °C and (f) 
XRD patterns of TNTs as calcined and calcined for 2 h at 80, 120, 160, 
and 200 °C. 
 
(a) TNTs as calcined 
(c) TNTs calcined at 120 °C 
(b) TNTs calcined at 80 °C 
(d) TNTs calcined at 160 °C 











4.9.2 Frequency dependence of the dielectric properties of the undoped 
TNTs and Fe/Co-doped TNTs 
  The mechanism of the dielectric relaxation can be knowledge by  
consider the frequency dependence of the dielectric properties (Liu et al., 2004). The 
frequency dependence of the dielectric constant (ε ′ ) and loss tangent (tanδ) at the 
selected temperature -30-30 °C over the frequency range 102 Hz to 106 Hz for the 
undoped TNTs and Fe/Co-doped TNTs prepared at 130 °C for 24 h as shown in 
Figures 4.33-4.34. All of the samples show the dielectric relaxation behavior. The loss 
tangent (tanδ) of all samples clearly shows a Debye-like relaxation peak shifting to 
higher frequencies with increasing temperature. All of the samples exhibit giant 
dielectric behavior with dielectric constant of 104-106 at 100 Hz and 30 °C. It is found 
that the dielectric constant (ε ′ ) rapidly decreases with increasing frequencies. The 
rapid decrease in ε′ is accompanied with the observed tanδ peak for the sample. This 
indicates the dielectric relaxation behavior in dielectric materials (Wu et al., 2002; 
Thongbai et al., 2008). For undoped TNTs sample, the temperature increase higher 
than 40 °C, it is likely that the relaxation peak in sample slightly shifts to lower 
frequency. The decrease in dielectric constant (ε ′ ) may be due to the decrease in 
trititanate intensity phase and phase transformation of TNTs. This can cause lower 
carrier mobility for the TNTs, leading to the decrease in dielectric constant (ε ′ ) and 
loss tangent tan (tanδ) of the TNTs. The overall dielectric relaxation of Fe/Co-doped 
TNTs samples shifts to higher frequency at higher temperature similar to that 
observed in CCTO ceramics reported in the literature (Maensiri et al., 2007; Sinclair 
et al., 2002). This observation might be a result from an effect of heating process. 











This high dielectric constant value is effect of influence of the dc conduction 
produced in the samples (Wu et al., 2002).  
The dielectric response behavior is closely related to the Maxwell-
Wagner polarization or interfacial polarization. The dielectric behavior should be 
related to the short–range motion of electrons and other charge carriers (e.g., atoms, 
molecules, ions, holes, vacancies, and hydration water molecules stored in the 
sample) under the influence of an applied the electric field. Figures 4.33-4.34 show 
the variation of dielectric constant, loss tangent and dielectric loss of undoped TNTs 
and Fe/Co-doped TNTs samples over the frequency range from 102 Hz to 106 Hz as a 
function of the temperature ranging from -30 to 30 °C. The dielectric loss and loss 
tangent peaks were observed shifts to higher frequencies with increasing 
temperatures. The result confirms the thermally activated relaxation.  
 To understand the physical nature of observed dielectric relaxations in 
undoped TNTs and Fe/Co-doped TNTs samples, the data of the dielectric spectra 
were fitted by Cole-Cole equation (Thongbai et al., 2012; Liu et al., 2005) combined 















+=′′−′= ∞∞             (4.3) 
 
where sε and ∞ε  are the static and the high frequency limits of dielectric permittivity, 
respectively, τ s is the relaxation time, and α is a constant ( 10 ≤≤ α ). For an ideal 
Debye relaxation, 1=α , the dipole moments in materials have a unique relaxation 











distribution of the relaxation time, leading to a broaden peak whose shape is wider 
than a Debye peak. From the fitting result, we can calculate the dielectric relaxation 
time (τ ) at difference temperatures using the Arrhenius law (Putjuso et al., 2011; 












aexp0ττ                (4.4) 
 
where aE is the activation energy for relaxation process, 0τ is the pre-exponential 
factor, Bk  is the Boltzmann constant, and T is the absolute temperature. Figure 4.35 
shows the Arrhenius plots and values for the activation energy energies of grain 
( agE ). In this condition, the relaxation activation energy ( aE ) of undoped TNTs and 
Fe/Co-doped TNTs can be calculated as summarized in Table 4.8. The relaxation time 
of all samples decreases with increasing temperature, indicating the faster rate of 
polarization at high temperature. From the conductivity process, the activation energy 
for the thermally activated hopping process in grain was calculated by the Arrhenius 













dc exp0σσ               (4.5) 
 
where Ea is the activation energy for the conduction, 0σ is the pre-exponential factor, 











the Arrhenius plots of the grain conductivities for undoped TNTs and Fe/Co-doped 
TNTs samples, plotted in the temperature range from 243 to 303 K (-30 to 30 °C) and 
the activation energies obtained from fitting by Eq. (4.5). The conductivity increases 
with increasing temperature as expected from the semiconducting behavior 
(Sivakumar et al., 2007). The activation energies ( dcaE σ ) of undoped TNTs and 
Fe/Co-doped TNTs can be calculated as summarized in Table 4.8. It can be seen that 
the activation energy of the undoped TNTs bulks is about 0.451 eV. This value is 
slightly less than the activation energies ( dcaE σ ) obtained for electrical transport in 
nanotubes, which was reported to be cal. 0.57 eV (Thorne et al., 2005). Therefore, the 
difference in activation energy between this report and the previous work might be 
attributed to the difference in surface state between the nanotubes from different 
condition or the difference in oxygen vacancy concentration. For Fe-doped TNTs, 
with increasing the concentration of Fe, the activation energies of Fe-doped TNTs 
samples were found to decrease. From the result of XPS, this acceptor doping Fe 
makes charge compensation mechanism active to create oxygen vacancy in the lattice, 
creating electric dipoles. The increase in the dielectric constant might be associated 
with the decreases in the activation energy. Obviously, the addition of doping Co (x = 
0.1 to 0.3) makes the corresponding activation energy increase (~0.61 eV), and 
dcaE σ is almost independent of the variation in the added concentration of Co doping. 
This could be ascribed to the variation in the grain boundary characters for undoped 
TNTs and Co-doped TNTs bulks, and the added content of Co changes might be only 
the thickness of the grain boundary layers but not the intrinsic properties (Lin et al., 
2008). For the traditional sodium titanate nanotubes, abundant reports have confirmed 











al. (2006) proposed the existence of electronic hopping and/or interlayer ionic 
conduction or polaron conduction in layered Na2-xKxTi3O7 (x =0.2, 0.3, 0.4) and 
copper doped Na1.7K0.3Ti3O7 ceramics (Maurya et al., 2006). In addition, Shripal et 
al. (2007) concluded that electronic hopping with exchangeable interlayer ionic 
conduction exists in Fe3+ doped layered Na2Ti3O7 ceramics and manganese doped 
polycrystalline Na2Ti3O7. The increase in the dielectric constant might be associated 
with the decreases in the activation energy.  
 
Table 4.11  Activation energy (Ea) calculated from relaxation time and 
conductivity of undoped TNTs and Fe/Co-doped TNTs bulks.   
Doping  
level 
Activation energy for 
relaxation Ea (eV)  
Activation energy of 
conductivity Eaσdc (eV)  
Fe doping Co doping Fe doping Co doping 
x=0 0.523 0.523 0.451 0.451 
x=0.05 0.530 0.553 0.431 0.344 
x=0.1 0.496 0.574 0.412 0.503 
x=0.2 0.483 0.733 0.142 0.575 
x=0.3 0.479 0.844 0.373 0.609 
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Figure 4.33 Frequency dependence of dielectric constant (ε ′ ), loss tangent (tanδ)   
and dielectric loss (ε ′′ ) of Fe-doped TNTs (a) x = 0 and (b) x = 0.05 
over the frequency range from 102 - 106 Hz as a function of the 
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Figure 4.33 Frequency dependence of dielectric constant (ε ′ ), loss tangent (tanδ)   
and dielectric loss ( ε ′′ ) of Fe-doped TNTs (c) x = 0.1 and (d) x = 0.2 
over the frequency range from 102 - 106 Hz as a function of the 
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Figure 4.33 Frequency dependence of dielectric constant (ε ′ ), loss tangent (tanδ)   
and dielectric loss ( ε ′′ ) of Fe-doped TNTs (e) x = 0.3 and (f) x = 0.4 
over the frequency range from 102 - 106 Hz as a function of the 
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Figure 4.34 Frequency dependence of dielectric constant (ε ′ ), loss tangent (tanδ)   
and dielectric loss (ε ′′ ) of Co-doped TNTs (a) x = 0.05 and (b) x = 0.1 
over the frequency range from 102 - 106 Hz as a function of the 
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Figure 4.34 Frequency dependence of dielectric constant (ε ′ ), loss tangent (tanδ)   
and dielectric loss ( ε ′′ ) of Fe-doped TNTs (c) x = 0.2 and (d) x = 0.3 
over the frequency range from 102 - 106 Hz as a function of the 
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Figure 4.34 Frequency dependence of dielectric constant (ε ′ ), loss tangent (tanδ)   
and dielectric loss ( ε ′′ ) of (k) Fe-doped TNTs at x = 0.4 over the 
frequency range from 102 - 106 Hz as a function of the temperature 


















(a) Fe-doped TNTs 
(b) Co-doped TNTs 

































































Figure 4.35 The temperature dependence of relaxation time of (a) Fe-doped TNTs 
and (b) Co-doped TNTs prepared at 130 °C for 24 h; the solid lines are 













(a) Fe-doped TNTs 
(b) Co-doped TNTs 






















































Figure 4.36 The temperature dependence of conductivity of (a) Fe-doped TNTs 
and (b) Co-doped TNTs prepared at 130 °C for 24 h; the solid lines are 











4.9.3  Impedance spectroscopy of undoped TNTs and Fe/ Co-doped TNTs   
   samples 
     The impedance of electroceramics has been modeled using an 
equivalent circuit consisting of two parallel RC elements related in series: one for the 
semiconductive grain contribution, and the other for grain boundary (GB) response 
(Xue et al., 2015; Laokul et al., 2012). For such a circuit, each RC element gives rise 
to (ideally) a semicircular arc in impedance complex plane plots, Z* and a plateau in 
spectroscopic plots of the real component of the permittivity (or C) (Sinclair et al., 






ZjZZ =′′−′=             (4.6) 
 
where Z ′  and Z ′′ are the real part and imaginary part of complex impedance (Z*). 
Z ′ and Z ′′  are associated with the resistance and capacitance of a materials, 
respectively.  
 Figures 4.37-4.38 show the complex impedance plane plot at two 
temperature ranges low and relative high. Figures 4.37(a)-(b) show the complex 
impedance Z* plot ( Z ′ vs Z ′′ ) of the undoped TNTs sample at room temperature. The 
observed two semicircular arcs indicate that there are at least two electrical responses 
in bulk TNTs. The large semicircle at low frequency can be assigned to the resistance 
of grain boundary (Rgb, GB) while the small one at high frequency represents the 
resistance of grain (Rg) (Putjuso et al., 2011; Sinclair et al., 2002; Xue et al., 2015). 











the semiconductor-like behavior of these materials (Laokul et al., 2012). In addition, 
it is found that the diameter of the small semicircle decreases with increasing 
temperature like the large semicircle does. First of all, the impedance spectra of Fe-
doped TNTs at x = 0.05 (see in Figure 4.37(c)-(d)) are used as the example to describe 
the general feature of the impedance spectra instead of Fe/Co-doped samples. These 
impedance semicircles decrease with increasing temperature. However, for Fe-doped 
TNTs at x = 0.4 in the temperature of -50 and -40 °C and Co-doped TNTs in some 
low temperature, only the semicircular arc at a low frequency range can be observed 
in the measured frequency range. These results are similar to those reported for CCTO 
and CCTO/ST ceramics (Thongbai et al., 2012; Xue et al., 2015). As a result, it 
indicates that synthetic Fe/Co-doped TNTs bulks are electrically heterogeneous, 
consisting of semiconducting grain and insulating GBs.   







































































The complex impedance plan plot Z ′′− vs. Z ′ , obtained from equations (4.7) to can be 
almost used to fit the experimental data. Usually, Z ′′− vs. Z ′ is greater ascribed by 













=′′−′= −−           (4.10) 
 
where α and β are constant values and 0 ≤ α , β ≤ 1.  







































































































































































































Figure 4.37 Impedance spectra of  Fe-doped TNTs (a)-(b) x = 0, (c)-(d) x = 0.05 
and (e)-(f) x = 0.1 prepared by hydrothermal method at 130 °C for 24 h 
at various temperatures; inset is an expanded view of high frequency 



























































































































































































Figure 4.37 Impedance spectra of  Fe-doped TNTs (g)-(h) x = 0.2, (i)-(j) x = 0.3 
and (k)-(l) x = 0.4 prepared by hydrothermal method at 130 °C for 24 h 
at various temperatures; inset is an expanded view of high frequency 
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Figure 4.38 Impedance spectra of  Co-doped TNTs (a)-(b) x = 0.05, (c)-(d) x = 0.1 
and (e)-(f) x = 0.2 prepared by hydrothermal method at 130 °C for 24 h 
at various temperatures; inset is an expanded view of high frequency 











































































































































Figure 4.38 Impedance spectra of  Co-doped TNTs (g)-(h) x = 0.3 and (i)-(j) x = 
0.4 prepared by hydrothermal method at 130 °C for 24 h at various 
temperatures; inset is an expanded view of high frequency data close to 




















 4.9.4 The effect of Fe/Co-doping concentration on dielectric properties  
 Figure 4.39 illustrates the Fe/Co doping concentration dependence of  
the dielectric constant (ε′) and loss tangent (tanδ) at 103 Hz and  30 °C. Obviously, the 
dielectric constant of the TNTs-based samples increases as the Fe doping and 
decreases as Co doping, in particular, the loss tangent decreases. Figures 4.40 and 
4.41 show the frequency dependence of dielectric properties dielectric constant (ε′) 
and loss tangent (tanδ) at the 30 °C of Fe-doped TNTs and Co-doped TNTs, 
respectively with difference concentrations; inset is an expanded view of low 
frequency data close to the origin. All the samples exhibit high dielectric behavior 
with a dielectric constant (ε′) of about 104–105 at 100 Hz and room temperature. Fe-
doped TNTs for x ≤ 0.05, at the frequency of 103 Hz, the ε′ increases with increasing 
concentrate of Fe doping ions. This may be due to effect of phase transition of the 
TNTs-based compounds. However, when x ≥ 0.3, the ε′ decreases with increasing 
concentrate of Fe doping ions compared to the samples with x = 0-0.2. This may be 
due to the amount of Fe doping in TNTs-based compounds, which can cause a lower 
carriers mobility for the Fe-doped TNTs samples that contain low concentration of Fe 
doping ions.  The values of ε′ and tanδ at 103 Hz and 30 °C of all the samples are 
summarized in Table 4.9. Moreover, tanδ values of the Fe/Co-doped TNTs samples 
are lower than those of the undoped TNTs sample. It is possible that Fe2+ or Fe3+ can 
replace Ti4+. This substitution pins the oxygen vacancies causing the flow of mobile 
charge easier, leading to the increases in ε′ and decreases in tanδ for the Fe-doped 
TNTs. Figure 4.80 shows the dielectric properties of the undoped and Co-doped 











that ε′ rapidly decreases with increasing frequency. The rapid decrease in ε′ is 
accompanied by the observed tanδ peak in all the samples. This indicates the 
dielectric relaxation behavior in dielectric materials. For x ≤ 0.2, it is likely that the 
relaxation peak in the samples slightly shifts to lower frequencies. However, when x≥ 
0.3, the relaxation peak significantly moves to lower frequencies than in the samples 
with x =0 to 0.2. This may be due to the decrease in trititanate phase, which can 
induce lower carrier mobility in the Co-doped TNTs with high Co doping 
concentration. The dielectric response behavior is closely related to the Maxwell-
Wagner polarization. These different dielectric properties between the undoped TNTs 
and Fe/Co-doped TNTs samples should be related to the short-range motion of 
electrons and other charge carriers (e.g., atoms, molecules, ions, holes, vacancies, and 
hydration water molecules stored in the sample) under the influence of the applied 
electric field.  
In addition, the electrical properties of the internal interface were 
characterized by impedance spectroscopy, which is a powerful tool for separating the 
grain and GB effects. Impedance complex plane plots (Z* plots) at a temperature of 
30 °C and their expanded view of high frequency data close to the origin for all the 
samples are shown in Figure 4.42 and inset (a), respectively. As shown in inset (a), 
the non-zero intercepts of all the samples are also observed. Thus, these results 
indicate the existence of two electrical responses in the samples, i.e., grain and grain 
boundary. It can be seen that Fe or Co doping has influenced the impedance 
characteristic of the high and low electrical-resistivity parts, especially the low 
electrical-resistivity part. The expected diameter of each semicircular arc indicating 











doping. These results are similar to those reported for Sr-doped CCTO ceramics 
prepared by a conventional solid state reaction method (Xue et al., 2009). This 
phenomenon suggests that the Fe or Co doping influences the TNTs by at least two 
possible ways, substitution and second phase, with cooperate to result in that at a 
certain doping concentration of the electrical properties occur.  Therefore, the 
dielectric response behavior in Fe/Co-doped TNTs might be significantly influenced 
by the electrical characteristics of GBs as well.  
 
Table 4.12 Summary of dielectric constant (ε ′ ) and loss tangent (tanδ) at 30 °C  
and 103 Hz of undoped TNTs and Fe/Co-doped TNTs. 
Doping 
Level 
Dielectric constant (ε ′ ) tanδ 
Fe doping Co doping Fe doping Co doping 
x = 0 4.07×104 4.07×104 0.397 0.397 
x = 0.05 4.68×104 2.78×104 0.273 0.316 
x = 0.1 4.23×104 2.47×104 0.278 0.197 
x = 0.2 4.63×104 2.77×104 0.189 0.288 
x = 0.3 4.56×104 2.5×104 0.302 0.443 

















(a) Fe-doped TNTs 
































































Figure 4.39 Impedance spectra of (a) Fe-doped TNTs and (b) Co-doped TNTs 
prepared by hydrothermal method at 130 °C for 24 h at 30 °C; inset is 
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Figure 4.40 Frequency dependence of dielectric properties dielectric constant (ε ′ ) 
(a) and (b) loss tangent (tanδ) at the 30 °C of undoped TNTs and Fe-
doped TNTs with difference concentration; inset is an expanded view 
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Figure 4.41 Frequency dependence of dielectric properties dielectric constant (ε ′ ) 
(a) and (b) loss tangent (tanδ) at the 30 °C of undoped TNTs and Co-
doped TNTs with difference concentration inset is an expanded view 
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(a) Fe-doped TNTs 






















Figure 4.42 Impedance spectra of (a) Fe-doped TNTs and (b) Co-doped TNTs 
prepared by hydrothermal method at 130 °C for 24 h at 30 °C; inset is 











4.9.5 The effect of the dc bias on the dielectric properties for undoped 
TNTs and Fe/Co-doped TNTs 
 In general, the electronic and ionic polarizations are main contributors at 
high frequencies, whereas at low frequencies, the dipolar and interfacial polarizations 
are the only contributors. In case of dc bias voltage, slight variation was observed in 
the low frequency region where the grain boundary contribution of dielectric constant 
is resolved (Prakash et al., 2013). Figures 4.43-4.44 show the effect of applied dc bias 
on the frequency dependence of ε ′ and tanδ for undoped TNTs and Fe/Co-doped 
TNTs samples at room temperature. These results strongly support the electrode effect 
on the dielectric properties of the bulk TNTs. For undoped TNTs, the ε ′ at the 
frequency range of 102–104 Hz for the TNTs decreases with the increasing applied 
voltage from 0 to 10 V, whereas ε ′ values at frequencies higher than 2.5 kHz do not 
change (Figure 4.43(a)). These results suggest that, with the increasing applied 
voltage, the accumulated charge carriers are becoming more and more able to 
overcome the potential at the grain boundary. This implies that the accumulated 
charge carriers become mobile charges. Consequently, the intensity of the space 
charge polarization at this region is decreased by the increase in the applied voltage, 
while the conductivity increased due to the increase in the mobile charge. This is 
confirmed by the observed exponential increase in a low-frequency tanδ under the 
higher applied voltage, as shown in Figure 4.43(a). The tanδ of the bulk TNTs under 
0–10 V gradually increases with increasing frequencies in the lower frequency range 
(< ~104 Hz) and then increases at the higher frequency ranges (104–105 Hz), and 
finally decreases at the higher frequency ranges (< ~105 Hz). The rapid decrease in 











appeared, indicating the relaxation behavior. The dielectric constant (ε ′ ) of the Fe-
doped TNTs for x = 0.05 as a function of frequency under the dc-bias voltage is 
illustrated in Figure 4.43(b). From this figure, it is found that, the dielectric constant 
(ε ′ ) of the sample increases gradually under the dc-bias 0-10 V in the low frequency 
(102 Hz). The application of dc-bias enables the release of conduction electrons and 
makes the electron hopping easier through the nanotubes, resulting in remarkable 
contributions to space charge polarization within the nanotubes. The overall dielectric 
relaxation behavior of undoped TNTs and Fe/Co-doped TNTs samples, it is also seen 
that the dielectric constant of the samples decreases logarithmically with frequency. 
This logarithmic variation can be explained in terms of the response of the dipoles to 
the applied electrical field. At the low frequencies, the dipoles within the sample get 
enough time to orient themselves and therefore the dielectric constant is high. 
However, at the high frequencies, the dipoles cannot follow the change in the electric 
field and therefore the relaxation phenomena takes place and ε ′ becomes low and 
nearly independent on frequency. However, for Fe doping x = 0.05 and Co doping x = 
0.05 and 0.1, the dielectric constant of the sample increases with application of dc-
bias and after a certain relaxation frequency dielectric constant of the sample become 

















































































































Figure 4.43 Frequency dependence of ε ′ and tanδ as a function dc bias voltage 
under 0–10 V at room temperature of Fe-doped TNTs (a) x = 0, (b) x = 
0.05, (c) x = 0.1 and (d) x = 0.2 prepared by hydrothermal method at 



























































Figure 4.43 Frequency dependence of ε ′ and tanδ as a function dc bias voltage 
under 0–10 V at room temperature of Fe-doped TNTs (e) x = 0.3 and 

















































































































Figure 4.44 Frequency dependence of ε ′ and tanδ as a function dc bias voltage 
under 0–10 V at room temperature of Co-doped TNTs (a) x = 0, (b) x 
= 0.05, (c) x = 0.1 and (d) x = 0.2 prepared by hydrothermal method at 











































Figure 4.44 Frequency dependence of ε ′ and tanδ as a function dc bias voltage 
under 0–10 V at room temperature of Co-doped TNTs (e) x = 0.4 
prepared by hydrothermal method at 130 °C for 24 h. (Cont.) 
 
4.9.6 Impedance spectroscopy as a function of dc bias at room 
temperature for undoped TNTs and Fe/Co-doped TNTs samples 
 Figures 4.45-4.46 show the complex impedance plot of undoped TNTs 
and Fe/Co-doped TNTs at room temperature for various dc bias under 0-10 V. Two 
impedance semicircles corresponding to the grain and grain boundary are clearly 
observed in all of the samples. The observation suggests that the electrically 
heterogeneous structure exists in undoped TNTs and Fe/Co-doped TNTs samples and 
the core/shell model is appropriate for further analysis. As demonstrated in Figure 











semicircular arc significantly decreases. These results indicate that the enhanced arcs 
in the low frequency range contain two overlapped arcs, and thus the surface-layer 
and grain boundary effects are roughly separated. When increasing dc bias, the grain 
resistance is larger and the bulk (small semicircle) relaxation peak shifts to lower 
frequency. The interfacial polarizations of the surface layer and grain boundaries are 
suppressed by applying dc bias and the bulk polarization dependent on biases. These 
results are similar to those observed in the CuO ceramics reported in literatures 
(Putjuso et al., 2011; Prakash et al., 2013). Putjuso et al. (Thorne et al., 2005; Putjuso 
et al., 2011), observed the dielectric properties of CuO ceramics as a function of dc 
bias. They also found that ε ′  slightly decreased with the increasing dc bias voltage 
from 0 to 10 V. This behavior indicates that the capacitance from the external effect 
gradually decreased when the dc bias was applied to the CuO 
sample. Furthermore, Prakash et al. (2013) explained that this dielectric behavior as a 




































































































































































































































Figure 4.45 Impedance spectra of Fe-doped TNTs (a) x = 0, (b) x = 0.05 and (c) x 
= 0.1,(d) x = 0.2, (e) x = 0.3 and (f) x = 0.4 prepared by hydrothermal 
method at 130 °C for 24 h at various dc bias voltage; inset is an 




















































































































































































Figure 4.46 Impedance spectra of Co-doped TNTs (a) x = 0.05, (b) x = 0.1 and (c) 
x = 0.2,(d) x = 0.3 and (e) x = 0.4 prepared by hydrothermal method at 
130 °C for 24 h at various dc bias voltage; inset is an expanded view of 











4.10 Non-Ohmic properties 
  Generally, the impedance spectroscopy measurements allow us to separate the 
transport contributions of the grain and grain boundary. The varistor-capacitor 
characteristics in undoped TNTs and Fe/Co-doped TNTs bulks might also be 
associated with the grain boundary regions and correlated barrier height. Normally, 
the Schottky barriers are created in many functional electrostatic between the grain 
and grain boundary regions so that the grain boundaries act as an extrinsic source of 
impedance. In many cases, Schottky potential barriers are created at interfaces 
between grains due to charge trapping at acceptor states, resulting in the bending of 
the conduction band across the grain boundary. This band bending produces an 
effective potential barrier and depletion layer for conduction electrons between the 
grain and grain boundary regions (Lin et al., 2008). Due to the obvious grain and 
grain boundary characters, it would be possible to use a Schottky barrier to describe 
the effect of the grain boundary for undoped TNTs and Fe/Co-doped TNTs bulks.  
In this work, we study the non-linear current density- electric field (J-E) 
properties of undoped TNTs and Fe/Co-doped TNTs.  
Non-linear J-E was investigated in order to study the physical nature of 
electrical transport at the GBs of undoped and Fe/Co-doped TNTs. The current 
density-electric field (J-E) characteristic was measured at various temperatures by 
using a high voltage measurement unit (Keithley Model 247). The two most important 
parameters related to the non-Ohmic properties, i.e., nonlinear coefficient (α) and 
breakdown field (Eb), of the bulk TNTs-based sample can be calculated from these 
curves of J-E. The breakdown electric field (Eb) was obtained at J = 1 mA cm-2. The 











The nonlinear coefficient (α) and breakdown field (Eb) of the sample can be 
calculated from the curve of J-E following formula (Xue et al., 2015; Thongbai et al., 
2012):  
 







=α                         (4.6)                                                   
 
where E1 and E2 are the voltage at current values of J1 = 1 mA and J2 = 1 mA, 
respectively.  
 Figures 4.47-4.48(a) show the non-linear J-E properties of all samples at 
different temperature. The nonlinear coefficient (α) and breakdown electric field (Eb) 
values of all samples at various temperatures are summarized in Table 4.7. The non-
ohmic behavior tended to be linear ohmic as the temperature increased (as seen in 
Figures 4.106(a)-4.110(a) for Co-doped TNTs, indicating a temperature like effect on 
the Schottky barrier. The conduction in the breakdown region should be related to the 
thermion of the Schottky type (Thongbai et al., 2012; Chung et al., 2004). It was 
found that the breakdown electric field (Eb) of TNTs bulk samples was significantly 
decreased by Fe3+ or Co2+ doping (as shown in Figure 4.49). However, the Fe or Co 
doping concentration did not affect the Eb value. The non linear properties of undoped 
TNTs were degraded as Fe3+ ions or Co2+ ions were substituted for Ti4+ sites. 
Substitution of Fe into TNTs with nominal chemical composition of Na0.036 H1.964 
(Ti3−xFex)O7 or Na0.036 H1.964 (Ti3−xCox)O7 (x = 0-0.4) caused a decrease in dc 
conduction activation energy. According to a previous work (Thongbai et al., 2014), 











greatly degraded by La3+ doping. The creation of conduction electron due to charge 
compensation for La3+ ions substituted into Ca2+ sites is proposed as primary cause. In 
this work, electronic charge compensation by conduction electrons may have existed 
due to Fe3+ ions or Co2+ ions being substituted into Ti4+ sites. This may have been the 
primary cause of the degradation of nonlinear properties. To study the effect of Fe3+ 
and Co2+ doping ions on the formation of electrostatic potential barriers at internal 
interface of TNTs (nonlinear J-E properties). As shown in Figures 4.47-4.48, in case 
of Fe doping the Eb linearly increased with increasing temperature, whereas for Co 
doping the Eb decreased with increasing temperature. This indicated the influence of 
temperature upon the electrostatic potential barriers at internal interfaces.  
The electric conduction in the pre-breakdown region is dominated by 
thermionic emission of Schottky type. The emission is related to electric field and 
temperature. Therefore, the electric current density (J) and electric field (E) will 


















lnln β            (4.7)  
 




BΦ−= 20 lnln             (4.8) 
 
where ΦB is the Schottky potential-energy barrier, A is the Richardson’s constant, kB  











potential barrier width. Figures 4.47-4.48 shows the fitted results, indicating a good 
linear relationship between lnJ vs. E1/2. Value of lnJ0 at various temperature were 
calculated from the plots of lnJ versus E1/2 by linearly fitting data at E=0. J0 is the 
extrapolated value to E=0. Then, we plot the curves of J0 versus 1/T. As shown in 
Figures 4.51-4.52, a good linear relationship between J0 and temperature was 
observed. Therefore, the electric potential barrier ΦB can be derived from the slopes 
of the plots. Values of ΦB of all samples are summarized in Table 4.8. The results 
demonstrate that the addition of Fe3+ and Co2+ makes the potential barrier increase as 
compared to the TNTs sample and ΦB of the Fe/Co-doped TNTs samples is almost 































































































































































Figure 4.47 Current density-electric field (J-E) curves and plots of log(J) versus 
log(E) of Fe-doped TNTs (a-b) x = 0, (c-d) x = 0.05 and (e-f) x = 0.1, 















































































































































Figure 4.47 Current density-electric field (J-E) curves and plots of log(J) versus 
log(E) of Fe-doped TNTs (g-h) x = 0.2, (i-j) x = 0.3 and (k-l) x = 0.4, 

















































































































































Figure 4.48 Current density-electric field (J-E) curves and plots of log(J) versus 
log(E) of Co-doped TNTs (a-b) x = 0.05, (c-d) x = 0.1 and (e-f) x = 




































































































Figure 4.48 Current density-electric field (J-E) curves and plots of log(J) versus 
log(E) of Co-doped TNTs (d) x = 0.3and (e) x = 0.2, the solid lines are 
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Figure 4.49 Current density-electric field (J-E) curves of undoped TNTs (a) Fe-
































































































Table 4.13 Summary of Non-linear coefficient (α), breakdown voltage (Eb) at 




α Eb (V/cm) 
RT 40 °C 60 °C 80 °C 100 °C RT 40 °C 60 °C 80 °C 100 °C 
x = 0 3.21 5.20 3.36 5.46 5.02 70 87 73 107 113 
x = 0.05 4.04 4.84 3.83 3.41 3.04 46 55 49 52 51 
x = 0.1 3.55 4.95 4.21 4.32 3.60 57 86 82 93 80 
x = 0.2 4.47 4.13 4.33 4.21 3.22 56 58 65 69 56 
x = 0.3 3.84 4.44 4.28 5.03 4.70 47 58 62 83 75 




α Eb (V/cm) 
RT 40 °C 60 °C 80 °C 100 °C RT 40 °C 60 °C 80 °C 100 °C 
x = 0 3.21 5.20 3.36 5.46 5.02 70 87 73 107 113 
x = 0.05 3.29 2.80 3.04 2.16 2.05 89 77 91 65 65 
x = 0.1 2.74 2.56 2.36 2.17 1.92 83 76 73 64 47 
x = 0.2 2.51 1.78 1.64 1.63 2.37 74 43 36 29 43 
x = 0.3 1.97 1.79 1.56 1.81 1.73 83 54 35 35 30 
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Figure 4.51 Plot of (a) lnJ  versus E1/2 and (b) lnJ0 versus 1000/T of Fe-doped 
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Figure 4.51 Plot of (a) lnJ  versus E1/2 and (b) lnJ0 versus 1000/T of Fe-doped 
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Figure 4.52 Plot of (a) lnJ  versus E1/2 and (b) lnJ0 versus 1000/T of Co-doped 
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Figure 4.52 Plot of (a) lnJ  versus E1/2 and (b) lnJ0 versus 1000/T of Fe-doped 



















Table 4.14 Summary of the Shcottky potential energy barrier height (Φb) of 




Fe doping Co doping 
x = 0 0.013 0.013 
x = 0.05 0.348 0.256 
x = 0.1 1.092 0.385 
x = 0.2 0.933 0.846 
x = 0.3 1.013 0. 065 























CONCLUSIONS AND SUGGESTIONS 
 
5.1 Conclusion 
 TNTs and Fe/Co-doped TNTs were successfully prepared by a hydrothermal 
method at 130 °C for 24 h. The XRD, FTIR and SEAD results indicated that all the 
samples had a trititanate (A2Ti3O7, A = Na or H) structure without any impurity 
phases, indicating that Fe and Co ions were substituted in Ti4+ sites. The average 
crystallite sizes were obtained to be about 13−25 nm. The morphology of all the 
samples consisted of uniform nanotubes long cylinders having a hollow cavity 
positioned at their centre and lying along their length. The diameters of the nanotubes 
were of about 7-15 nm with lengths of several hundreds of nanometer or micrometer 
in scales. The wall involved multilayer about 3-4 layers. HRTEM micrographs 
revealed the distances between layers of about 0.782-0.788 nm.  The TGA and FTIR 
results indicated that the large amount of water molecules for TNTs was within the 
nanotubes. The oxygen vacancy was confirmed by XANES and XPS measurements, 
which presented that most of the TM ions were in the Fe2+, Fe3+ and Co2+ state, while 
valence state of Ti was Ti4+. The RT-FM observed in this sample was possibly due to 
the exchange interactions between spin of Fe3+ or Fe2+, Co2+ and oxygen vacancy on 
the surface of sample. The observed paramagnetic signal was resulted from the free 
ions of TM without magnetic impurities. UV-vis spectra showed a redshift of band 










due to be the sp-d exchange interactions between the band electron and localized d 
electron of the Co2+, Fe3+ ions substituting Ti ions.  
All of the samples exhibited a high dielectric constant (ε′) of about 104–105 at 
100 Hz at room temperature. For Fe/Co-doped TNTs, the ε′ increased with increasing 
concentration of Fe doping ions, whereas, the ε′ decreased with increasing 
concentration of Co doping ions. This phenomenon indicated that the Fe or Co doping 
had influences on the TNTs by at least two possible ways, i.e., substitution and second 
phase, with cooperation to result in that at a certain doping concentration of the 
electrical properties occurred. Interestingly, the loss tangent (tanδ) of Fe/Co-doped 
TNTs significantly decreased, while ε′ remained high. When the temperature 
increased higher than Tεm, ε′of all samples decreased. Changes in dielectric properties 
of the bulk TNTs can be correlated to the changes in nanostructure, dehydration and 
phase transformation. This can cause lower carrier mobility in the TNTs, leading to 
the decrease in ε′ and tanδ. The dielectric response behavior could be attributed to the 
Maxwell-Wagner polarization mechanism. The dielectric behavior was likely related 
to the short–range motion of electrons and other charge carriers (e.g., atoms, 
molecules, ions, holes, vacancies, and hydration water molecules stored in the 
sample) under an applied electric field. The dielectric relaxation was observed in all 
the samples and could be ascribed by Cole-Cole model.The dielectric constant of the 
samples were well fitted by the Cole-Cole equation. The complex impedance 
spectroscopy indicated that the bulk Fe/Co-doped TNTs were heterogeneous electrical 
properties, containing of semiconducting part and insulating part of internal 
interfaces. These results indicated that the dielectric relaxation was closely related to 










The ε′ values at the low frequencies for the TNTs decreased with increasing 
applied DC voltage bias. These results suggested that, with increasing the applied DC 
voltage, the accumulated charge carriers become mobile charges. These charges can 
move across the potential barrier at internal interfaces such as the grain boundaries. 
Consequently, the intensity of the space charge polarization at this region was 
decreased by increasing the applied DC voltage, while the conductivity was enhanced 
due to the increase in the mobile charges. This resulted in a decrease in ε′. However, 
ε′ of the Fe-doped TNTs (x = 0.05) and Co-doped TNTs (x = 0.05 and 0.1) increased 
gradually under the DC bias from 0 to 10 V compared with that of the undoped TNTs 
in the low frequency range (102 Hz). The application of DC bias activated the 
conduction electrons to make the electron hopping easier through the nanotubes. This 
resulted in remarkable contributions to space charge polarization within the 
nanotubes, leading to the increase in ε′The electrical properties were characterized by 
an impedance spectroscopy. With the increasing DC bias voltage from 0 to 10 V, the 
diameter of the large semicircular arc significantly decreased. This result- 
indicated that the dielectric behavior as a function of DC bias was correlated to the 
electrical response of internal interfaces due to the formation of potential barrier. 
According to the investigation of nonlinear current-voltage behavior, the electric 
conduction in the pre-breakdown region was dominated by thermionic emission of 
Schottky type.  
The nonlinear properties of TNTs were degraded as Fe3+ ions or Co2+ ions 
were substituted for Ti4+ sites. The nonlinear behavior tended to be linear Ohmic as 










It would be possible to use a Schottky barrier to describe the effect of the internal 
interfaces (e.g., grain boundary) for bulk TNTs and Fe/Co-doped TNTs.  
The dielectric relaxation of all bulk TiO2-based nanotubes was primarily 
caused by the interfacial polarization mechanism. This type of relaxation was likely to 
be caused by the Maxwell-Wagner polarization relxation induced by the heavy charge 
accumulation at interface between Ti3O72- skeleton layers and H2O molecule layer. 
This had a remarkable influence on the dielectric response, electrical characteristics of 
grain boundary, and related non-linear current voltage properties. 
 
5.2 Suggestions 
From the results obtained in this study, there are some important points that 
are not well understood and further study is needed. These include the following 
issues:     
(1) The explanation of the dielectric behavior of bulk TiO2-based 
nanotubes system is still unclear and uncompleted. Therefore, clear exploration of its 
origin of giant dielectric in this system should be explored.  
(2) Investigation of composition of each element presented in the samples 
using inductively coupled plasma-mass spectrometry (ICP-MS) should be carried out.  
(3) Investigation of local structures using EXAFS is needed to confirm the 
substitution of dopants in ferromagnetic Fe/Co-doped TNTs system.  
(4) Investigation of the Curie temperature (Tc) using SQUID is required to 
confirm the Tc in ferromagnetic Fe/Co-TNTs system. 
(5) Investigation of the electrochemical properties of TiO2-based 










All these issues would allow more understanding on the structure and 
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